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This thesis develops the mathematical modelling and the closed loop control of a 
single-phase induction generator based on a three-phase cage rotor machine suitable 
for renewable energy conversion. In this generator topology, one of the three 
windings is used as the control winding for real and reactive power control, and the 
other two windings are connected in series to form the output winding. Since the 
steady-state model of this generator system has not been reported earlier, a 
mathematical model, equivalent circuit, and comprehensive steady-state analysis are 
developed for the uncontrolled system before designing the feedback control system.    
Due to the larger percentage of errors produced by existing dynamic models in 
comparison to the values obtained in experiments, the improved dynamic model of 
this generator configuration is developed, taking into consideration the effect of core 
losses and the non-linearity of the magnetizing inductance in the saturated region 
which have been ignored in previous studies. The dynamic equivalent circuit is 
developed for the existing and the improved mathematical models, which has not 
been reported earlier.  Moreover, a comprehensive dynamic analysis of the generator 
due to the sudden variation in each operational parameter is presented. 
In order to supply a constant voltage and a constant frequency at the output winding, 
the control system proposed in this thesis automatically adjusts the external AC 
supply of the control winding voltage and frequency. A bi-directional DC-AC 
inverter connected at the control winding terminals facilitates such control of voltage 
and frequency.  Depending on the direction of active power flow, the Energy Storage 
System (ESS) connected at the dc-side of the bi-directional inverter charges or 
discharges to maintain the active power balance of the generator system. Once the 
ESS is fully charged, excess power is diverted to a dump resistive load connected in 
parallel with the ESS. Thus, this generator is capable of producing constant voltage 
and frequency at the output, regardless of the fluctuations in both load demand and 
renewable energy sources such as wind and hydro. The unregulated turbine used in 
this generator system eliminates the need for an expensive speed governor.  
Dynamic and steady-state behaviour of the unregulated generator system is studied 
using the Matlab simulation results. The accuracies of the developed models are 
ii 
 
verified by the laboratory experiments performed on a 3 kW induction generator 
driven by a variable speed drive. The performance of the regulated generator system 
is studied using the simulation results obtained by Matlab Simulink. In this analysis, 
the real-time wind turbine characteristics curves are used to study the influence of 
different types of prime movers and wind conditions on the performance of the 
generator. The simulation results show the excellent capability of the proposed 





I would like to express my special appreciation and thanks to my supervisor Dr 
Sumedha Rajakaruna for his excellent guidance, motivation, patience and 
understanding during the entire period of this research program. His advice on both 
my research and career is priceless. I could not imagine having a better supervisor for 
my PhD study. 
I would like to thank the other thesis committee members - Professor Arindam 
Ghosh, Professor Chemmangot Nayar - and all my previous supervisors for their 
efforts and contribution to my research program. 
My special thanks go to all the administrative staff in the Department of Electrical 
and Computer Engineering at Curtin University for their support on numerous 
occasions. Mr Zibby Cielma, Mr Russ Wilkinson, Mr Mark Fowler and all the other 
technical staff deserve sincere thanks for their support and commitment during the 
laboratory work undertaken for this research program.  
The financial support offered by the Australian Postgraduate Award (APA) 
scholarship during the study period is highly appreciated. Additionally, I would like 
to thank Ms Sok Bewley in the Graduate Research School at Curtin University for 
her support during times of hardship. 
I would like to acknowledge the contribution of my friends in the Department of 
Electrical and Computer Engineering, especially during the candidacy of my research 
program. I have really enjoyed working with them and thank all of them for being 
wonderful friends. 
Special thanks goes to Ms Bruna Pomella for her professional editing services and 
time spent on proofreading this thesis.  
Finally, I would like to thank my mother and my loving husband for their continuous 
support and understanding during the last five years of the research. Patience shown 
by my little daughter Sanuki during my studies will never be forgotten. The 
encouragement and support given by all other family members and friends both in 
Sri Lanka and Australia are greatly appreciated. 
iv 
 
LIST OF PUBLICATIONS 
Journal Papers 
 Diana Liyanage, S. Rajakaruna, “Dynamic Analysis of a Novel Single-Phase 
Induction Generator using an Improved Machine Model", IEEE Transactions on 
Energy Conversion, 2015, under review (TEC-00138-2015.R2 is to be 
submitted). 
Conference Papers 
 Diana Liyanage, S. Rajakaruna, "An Improved Dynamic Model for a Single-
Phase Generator based on Three-Phase Cage Rotor Induction Machine", in Conf. 
Rec. IEEE Conf. on Power Electronics and Drive Systems (PEDS), Sydney, 
2015, pp. 934-939. 
 Diana Liyanage, S. Rajakaruna, "Steady-state Analysis of a Novel Single Phase 
Induction Generator for Renewable Energy Conversion", in Conf. Rec. IEEE 
Conf. on Power Engineering (AUPEC), Perth, 2014, pp. 1-6. 
 Diana Liyanage, S. Rajakaruna, “Transient analysis of a single-phase variable 
speed cage induction generator with active excitation control”, in Conf. Rec. 
IEEE Conf. on Power Engineering (AUPEC), Tasmania, 2013, pp. 1-6.  
 Lucas Zieland, Sumedha Rajakaruna, Diana Liyanage, “Modelling and 
performance assessment of large scale solar photovoltaic plants in rural 
Australia”, in Conf. Rec. IEEE Conf. on Power Engineering (AUPEC), 
Tasmania, 2013, pp. 1-6.  
 D. Liyanage , S. Rajakaruna,  “Performance evaluation and cost-benefit analysis 
of a large solar PV installation at a mine site in Western Australia”, in Conf. 
Rec. IEEE Conf. on PES Innovative Smart Grid Technologies Asia (ISGT), 








LIST OF SYMBOLS 
 
    - Swept area of wind turbine, m
2
 
   - Friction coefficient of the turbine, N.m.s 
   - Chord length of wind turbine blade, m 
    - Fixed capacitance, F 
    - Power coefficient of wind turbine 
    - Torque coefficient of wind turbine   
    - d-axis and q-axis in arbitrary reference frame 
   - Frequency of output voltage, Hz 
   - Acceleration of gravity, m/s2 
   - Head of hydro turbine, m 
    - Current through the fixed capacitance     , A 
       - Current through the core loss resistance, A 
         - Currents through the core loss resistances in α–axis and β–
axis respectively, A 
         - Current through the magnetizing reactance in α–axis, A 
         - Current through the magnetizing inductance in β–axis, A 
           - Stator currents through the mutual inductance in α–axis and 
β–axis respectively, A 
           - Rotor currents through the mutual inductance in α–axis and 
β–axis respectively, A 
    - Current through the consumer load, A  
       - Rotor current in standard machine, A 
vi 
 
           - Rated current of the machine, A 
              - Rotor currents in phase a, b and c respectively, A  
         - Rotor currents in phase α and β respectively, A  
       - Stator current in standard machine, A 
              - Stator currents in phase a, b and c respectively, A  
              - Current vectors in stator phase a, b and c respectively  
        - Stator currents in phase α, A 
    - Stator currents in phase β, A 
          - Current vectors in stator phase α and β respectively 
   - Moment of inertia of the turbine, kg.m2  
       - Proportional and integral gains of PI controller respectively 
     - Rotor leakage inductance referred to the stator in standard 
machine, H 
     - Stator leakage inductance in standard machine, H 
     - Mutual inductance in α-axis, H 
     - Mutual inductance in β-axis, H 
     - Rotor mutual inductance in standard machine, H 
     - Stator mutual inductance in standard machine, H 
      - Mutual inductance between rotor and stator, H 
     - Mutual inductance between stator and rotor, H 
    - Consumer load inductance, H 




    - Turns ratio of the step-up transformer 
     - Number of blades of wind turbine 
    - Winding ratio of the machine 
    - Mechanical power, W  
         - Real power in output winding, W 
         - Resistive losses of the machine, W  
           - Resistive losses of the machine in α-axis, W 
           - Resistive losses of the machine in β-axis, W 
            - Real power in excitation control winding, W 
    - Turbine mechanical power, W  
          - Per unit value 
        - Reactive power in excitation control winding, VAr 
     - Reactive power in output winding, VAr 
    - Core loss resistance, Ω 
    - Consumer load resistance, Ω 
      - Rotor winding resistance referred to the stator of standard 
machine, Ω 
      - Stator winding resistance of standard machine, Ω 
    -Electromagnetic torque, Nm 
    -Turbine torque, Nm 
         - Voltages across the magnetizing reactance in α–axis and β-
axis respectively, V 
         - Rotor voltage in standard machine, V 
viii 
 
           - Rated voltage of the machine, V 
         - Stator voltage in standard machine, V 
              - Stator voltages in phase a, b and c respectively, V  
              - Voltage vectors in stator phase a, b and c respectively  
        - Stator voltages in phase α, V 
        - Stator voltages in phase β, V 
          - Voltage vectors in stator phase α and β respectively 
                - Wind speed, m/s   
   - Turbine rotor solidity  
   - Efficiency 
   - Density of water, kg/ m3 
   - Flow rate of water, m3/s 
    - Density of air, kg/m
3
 
   - Flux linkage of the windings, Wb-turns 
   - Magnetic flux of the machine, Wb 
    - Magnetic flux in the rotor, Wb 
    - Magnetic flux in the stator, Wb 
    - Mutual flux of the machine, Wb 
     - Mutual flux in the rotor, Wb 
     - Mutual flux in the stator, Wb 
                - Mutual flux in stator phase a, b and c respectively, Wb 
     - Leakage flux in the rotor, Wb 
     - Leakage flux in the stator, Wb 
ix 
 
                - Leakage flux in stator phase a, b and c respectively, Wb 
         - Flux in excitation control and output winding respectively, 
Wb 
   - Phase of current in excitation control winding w.r.t. that of 
voltage in same winding, rad 
    - Frequency of output voltage, rad/s 
    - Cut-off frequency, rad/s  
     - Angular rotor speed, mechanical, rad/s 
     - Angular rotor speed, electrical rad/s 


















TABLE OF CONTENTS  
 
ABSTRACT .................................................................................................................. i 
ACKNOWLEDGEMENTS ........................................................................................ iii 
LIST OF PUBLICATIONS ........................................................................................ iv 
LIST OF SYMBOLS ................................................................................................... v 
TABLE OF CONTENTS ............................................................................................. x 
LIST OF FIGURES .................................................................................................. xiv 
LIST OF TABLES .................................................................................................. xxiii 
CHAPTER 1- INTRODUCTION ................................................................................ 1 
1.1 Background ................................................................................................... 1 
1.2 System Overview .......................................................................................... 2 
1.3 Significance of the Research and Research Motivation ................................ 4 
1.4 Objectives of the Research ............................................................................ 4 
1.5 Organization of the Thesis ............................................................................ 6 
CHAPTER 2- REVIEW OF LITERATURE ............................................................... 9 
2.1 Operation of Three-Phase Induction Machine as a Single-Phase Generator 9 
2.2 Energy Storage in Renewable Energy System ............................................ 10 
2.3 Control Issues and Techniques .................................................................... 12 
2.4 TSCAOI Configuration Novel Single-Phase Induction Generator ............. 12 
2.5 Turbine Models Used in Renewable Energy Generation ............................ 17 
2.6 Modelling Issues of Induction Generator .................................................... 19 
2.7 Summary ..................................................................................................... 20 
CHAPTER 3- SYSTEM MODELLING .................................................................... 21 
3.1 Dynamic Model in Stationary αβ Reference Frame .................................... 22 
3.2 Dynamic Equivalent Circuit in Stationary αβ Reference Frame ................. 30 
3.3 Comprehensive Dynamic Model and Equivalent Circuit in Stationary ‘αβ' 
Reference Frame .....................................................................................................33 
xi 
 
3.4 The Load and the Excitation Capacitors ..................................................... 36 
3.5 The Electromagnetic Torque ....................................................................... 37 
3.6 The Wind Turbine ....................................................................................... 40 
3.7 The Model of the Combined System ........................................................... 42 
3.8 The Steady-state Model and Equivalent Circuit in Stationary αβ Reference 
Frame ......................................................................................................................43 
CHAPTER 4- COMPUTATIONAL TECHNIQUES FOR STEADY-STATE ........ 46 
4.1 Introduction ................................................................................................. 46 
4.2 Computation of system variables for given rotor speed .............................. 48 
4.3 Computation of system variables for load-dependant rotor speed .............. 55 
4.4 Computation of operating parameters ......................................................... 61 
4.5 Chapter Conclusions .................................................................................... 72 
CHAPTER 5- MODEL VERIFICATION AND SYSTEM PERFORMANCE IN 
TRANSIENT-STATE ................................................................................................ 73 
5.1 Introduction ................................................................................................. 73 
5.2 Verification of Identified Errors in the Literature ....................................... 74 
5.3 Verification of the Increased Accuracy of the Comprehensive Model ....... 80 
5.4 Voltage Build-up Process of the Generator ................................................. 83 
5.5 Performance Analysis in Transient-State .................................................... 85 
5.5.1 The Transient due to Sudden Change in Consumer Load.................... 85 
5.5.2 The transient due to sudden change in fixed capacitance .................... 92 
5.5.3 The transient due to sudden change in rotor speed .............................. 98 
5.5.4 The transient due to sudden change in excitation control voltage ..... 105 
5.6 The transient due to the short circuit condition ......................................... 111 
5.7 Chapter Conclusions .................................................................................. 114 
CHAPTER 6- MODEL VERIFICATION AND SYSTEM PERFORMANCE IN 
STEADY-STATE .................................................................................................... 117 
6.1 Introduction ............................................................................................... 117 
xii 
 
6.2 Calculation of the Operating Parameters ................................................... 118 
6.3 Changing the Consumer Load ................................................................... 119 
6.3.1 Changing the Unity Power Factor Load .................................................. 119 
6.3.2 Changing the Lagging Power Factor Load .............................................. 125 
6.4 Changing the Fixed Capacitance ............................................................... 130 
6.4.1 Changing the Fixed Capacitance at the rotor speed of 1510 rpm ...... 130 
6.4.2 Changing the Fixed Capacitance at the rotor speed of 1580 rpm ...... 134 
6.5 Changing the Rotor Speed ......................................................................... 139 
6.5.1 Changing Rotor Speed at the Load Impedance of 93.4 Ω ................. 139 
6.5.2 Changing Rotor Speed at the Load Impedance of 52.9 Ω ................. 144 
6.6 Chapter Conclusions .................................................................................. 148 
CHAPTER 7- ENERGY MANAGEMENT SYSTEM ........................................... 149 
7.1 Introduction ............................................................................................... 149 
7.2 Sizing of Battery Energy Storage System ................................................. 150 
7.3 Design of Bi-directional DC-AC inverter ................................................. 153 
7.4 Wind Turbine Characteristics .................................................................... 162 
7.5 Equivalent Circuit of Single-Phase Generator in Synchronous Reference 
Frame ....................................................................................................................168 
7.6 Control System .......................................................................................... 175 
7.6.1. Battery Charging Controller ............................................................... 175 
7.6.2. Battery Discharging Controller .......................................................... 176 
7.6.3. Closed-loop PI Controller .................................................................. 177 
7.7 Results and Discussion .............................................................................. 180 
7.7.1. Changes in Consumer Load ............................................................... 181 
7.7.2. Changes in Fixed Capacitance ........................................................... 191 
7.7.3. Changes in Wind Speed ..................................................................... 197 
7.7.4. Changes due to Short Circuit Condition ............................................ 203 
xiii 
 
7.8 Chapter Conclusions .................................................................................. 208 
CHAPTER 8- CONCLUSIONS .............................................................................. 209 
8.1. Summary ................................................................................................... 209 
8.2. Main contributions of the thesis ................................................................ 212 
8.3. Future research directions ......................................................................... 213 
BIBLIOGRAPHY .................................................................................................... 215 
APPENDIX A .......................................................................................................... 230 
APPENDIX B .......................................................................................................... 237 
APPENDIX C .......................................................................................................... 240 
APPENDIX D .......................................................................................................... 243 
APPENDIX E .......................................................................................................... 244 
APPENDIX F ........................................................................................................... 247 
APPENDIX G .......................................................................................................... 248 




LIST OF FIGURES 
Fig.  1.2.1. Schematic diagram of the winding connection of single-phase Induction 
Generator 1 ................................................................................................................... 3 
Fig.  2.4.1. Schematic diagram of the TSCAOI configuration 2 ............................... 12 
Fig.  2.4.2. The schematic diagram of this renewable energy generation system 3 ... 13 
Fig.  2.4.3. Stator and rotor with respect to the “αβ” reference frame 4 .................... 15 
Fig.  3.1.1. Equivalent circuit of three-phase induction machine 5 ........................... 23 
Fig.  3.1.2. αβ transformation of rotor phases a, b and c 6 ......................................... 27 
Fig.  3.2.1. Equivalent circuit of single-phase generator (a) α-axis (b) β-axis 7 ........ 32 
Fig.  3.3.1. Comprehensive dynamic equivalent circuit of single-phase generator (a) 
α-axis (b) β-axis 8 ...................................................................................................... 35 
Fig.  3.4.1. The equivalent circuit of the consumer load and the fixed excitation 
capacitor 9 .................................................................................................................. 36 
Fig.  3.6.1. Torque-speed characteristics of a wind turbine 10 .................................. 41 
Fig.  3.8.1 Steady-state equivalent circuit of single-phase generator (a) α-axis (b) β-
axis 11 ........................................................................................................................ 45 
Fig.  4.1.1 Steady-state equivalent circuit of single-phase generator (a) α-axis (b) β-
axis 12 ........................................................................................................................ 47 
Fig.  4.4.1 Steady-state equivalent circuit of single-phase generator (a) α-axis (b) β-
axis with ideal resistive load 13 ................................................................................. 65 
Fig. 5.1.1 Experimental setup used for dynamic mathematical model verification 
14.................................................................................................................................74 
Fig.  5.2.1. Excitation control winding voltage 15 ..................................................... 75 
Fig.  5.2.2. Excitation control current (a) Existing model (b) Improved model 16 ... 76 
Fig.  5.2.3. Output winding voltage (a) Existing model (b) Improved model 17 ...... 77 
Fig.  5.2.4. Output winding current (a) Existing model (b) Improved model 18 ....... 78 
Fig.  5.2.5. Rotor speed (a) Existing model (b) Improved model 19 ......................... 79 
Fig. 5.4.1 Transients of Output Winding Voltage 20 ................................................. 83 
Fig. 5.4.2 Transients of Output Winding Current 21 ................................................. 84 
Fig.  5.5.1.1 Excitation control winding voltage 22 ................................................... 87 
Fig.  5.5.1.2 Transients of excitation control winding current due to a step change in 
load resistance from 93.4 Ω to 52.9 Ω at t=0.25s 23 ................................................. 87 
xv 
 
Fig.  5.5.1.3 Transients of output voltage due to a step change in load resistance from 
93.4 Ω to 52.9 Ω at t=0.25s 24 ................................................................................... 88 
Fig.  5.5.1.4 Transients of output winding current due to a step change in load 
resistance from 93.4 Ω to 52.9 Ω at t=0.25s 25 ......................................................... 88 
Fig.  5.5.1.5 FFT of the excitation control voltage 26 ............................................... 89 
Fig.  5.5.1.6 FFT of the output voltage 27 ................................................................. 89 
Fig.  5.5.1.7 FFT of the excitation control current 28 ................................................ 89 
Fig.  5.5.1.8 FFT of the output current 29 .................................................................. 89 
Fig.  5.5.1.9 Transients of rotor currents due to a step change in load resistance from 
93.4 Ω to 52.9 Ω at t=0.25s 30 ................................................................................... 90 
Fig.  5.5.1.10 FFT of the rotor currents 31 ................................................................. 90 
Fig.  5.5.1.11 Characteristics of rotor speed 32 ......................................................... 91 
Fig.  5.5.1.12 Characteristics of mechanical torque 33 .............................................. 91 
Fig.  5.5.2.1 Excitation control winding voltage 34 ................................................... 93 
Fig.  5.5.2.2 Transients of excitation control winding current due to a step change in 
fixed capacitance from 40 µF to 30 µF at t=0.25s 35 ................................................ 93 
Fig.  5.5.2.3 Transients of output voltage due to a step change in fixed capacitance 
from 40 µF to 30 µF at t=0.25s 36 ............................................................................. 94 
Fig.  5.5.2.4 Transients of output winding current due to a step change in fixed 
capacitance from 40 µF to 30 µF at t=0.25s   37 ....................................................... 94 
Fig.  5.5.2.5 FFT of the excitation control voltage 38 ............................................... 95 
Fig.  5.5.2.6 FFT of the output voltage 39 ................................................................. 95 
Fig.  5.5.2.7 FFT of the excitation control current 40 ................................................ 95 
Fig.  5.5.2.8 FFT of the output current41 ................................................................... 95 
Fig.  5.5.2.9 Transients of rotor currents due to a step change in fixed capacitance 
from 40 µF to 30 µF at t=0.25s42 .............................................................................. 96 
Fig.  5.5.2.10 FFT of the rotor currents43 .................................................................. 97 
Fig.  5.5.2.11 Characteristics of rotor speed44 .......................................................... 97 
Fig.  5.5.2.12 Characteristics of Mechanical Torque 45 ............................................ 98 
Fig.  5.5.3.1 Excitation control winding voltage46 .................................................. 100 
Fig.  5.5.3.2 Transients of excitation control winding current due to a step change in 
rotor speed from 1580 rpm to 1556 rpm at t=0.25s 47 ............................................ 100 
Fig.  5.5.3.3 Transients of output voltage due to a step change in rotor speed from 
1580 rpm to 1556 rpm at t=0.25s 48 ........................................................................ 101 
xvi 
 
Fig.  5.5.3.4 Transients of output winding current due to a step change in rotor speed 
from 1580 rpm to 1556 rpm at t=0.25s 49 ............................................................... 101 
Fig.  5.5.3.5 FFT of the excitation control voltage50 .............................................. 102 
Fig.  5.5.3.6 FFT of the output voltage 51 ............................................................... 102 
Fig.  5.5.3.7 FFT of the excitation control current 52 .............................................. 102 
Fig.  5.5.3.8 FFT of the output current 53 ................................................................ 102 
Fig.  5.5.3.9 Transients of rotor currents due to a step change in rotor speed from 
1580 rpm to 1556 rpm at t=0.25s 54 ........................................................................ 103 
Fig.  5.5.3.10 FFT of the rotor currents 55 ............................................................... 103 
Fig.  5.5.3.11 Characteristics of rotor speed 56 ....................................................... 104 
Fig.  5.5.3.12 Characteristics of mechanical torque 57 ............................................ 104 
Fig.  5.5.4.1 Excitation control winding voltage 58 ................................................. 106 
Fig.  5.5.4.2 Transients of excitation control winding current due to a step change in 
excitation control voltage from 153 V to 110 V at t=0.2s 59 .................................. 106 
Fig.  5.5.4.3 Transients of output voltage due to a step change in excitation control 
voltage from 153 V to 110 V at t=0.2s 60 ............................................................... 107 
Fig.  5.5.4.4 Transients of output winding current due to a step change in excitation 
control voltage from 153 V to 110 V at t=0.2s 61 ................................................... 107 
Fig.  5.5.4.5 FFT of the excitation control voltage 62 ............................................. 108 
Fig.  5.5.4.6 FFT of the output voltage 63 ............................................................... 108 
Fig.  5.5.4.7 FFT of the excitation control current 64 .............................................. 108 
Fig.  5.5.4.8 FFT of the output winding current 65 .................................................. 108 
Fig.  5.5.4.9 Transients of rotor currents due to a step change in excitation control 
voltage from 153 V to 110 V at t=0.2s 66 ............................................................... 109 
Fig.  5.5.4.10 FFT of the rotor currents 67 ............................................................... 109 
Fig.  5.5.4.11 Characteristics of rotor speed 68 ....................................................... 110 
Fig.  5.5.4.12 Characteristics of mechanical torque 69 ............................................ 110 
Fig. 5.6.1 Excitation Control Winding Voltage70 ................................................... 111 
Fig. 5.6.2 Transient of excitation control winding current due to short circuit 
condition at 0.5 s71 .................................................................................................. 112 
Fig. 5.6.3 Transient of output winding current due to short circuit condition at 0.5 
s72 ............................................................................................................................ 112 
Fig. 5.6.4 Transient of output winding voltage due to short circuit condition at 0.5 
s73 ............................................................................................................................ 113 
xvii 
 
Fig. 5.6.5 Transient of rotor speed due to short circuit condition at 0.5 s74 ........... 113 
Fig. 6.3.1.1. Variation of excitation control voltage with changing load conductance 
75 .............................................................................................................................. 120 
Fig. 6.3.1.2. Variation of excitation control current with changing load conductance 
76 .............................................................................................................................. 121 
Fig. 6.3.1.3. Variation of real power in excitation control winding with changing load 
conductance 77 ......................................................................................................... 122 
Fig. 6.3.1.4. Variation of output winding current with changing load conductance 
78...............................................................................................................................123 
Fig.  6.3.1.5. Variation of input mechanical power with changing load conductance 
79 .............................................................................................................................. 124 
Fig.  6.3.1.6. Variation of mechanical torque with changing load conductance 80 . 125 
Fig.  6.3.2.1. Variation of excitation control voltage with changing load admittance 
81 .............................................................................................................................. 127 
Fig.  6.3.2.2. Variation of excitation control current with changing load admittance 
82 .............................................................................................................................. 127 
Fig.  6.3.2.3. Variation of excitation control power with changing load admittance 
83...............................................................................................................................128 
Fig. 6.3.2.4. Variation of output winding current with changing load 
admittance84.............................................................................................................128 
Fig.  6.3.2.5. Variation of input mechanical power with changing load admittance 
85...............................................................................................................................129 
Fig.  6.3.2.6. Variation of mechanical torque with changing load admittance 86 ... 129 
Fig.  6.4.1.1. Variation of voltage in excitation control winding with changing fixed 
capacitance 87 .......................................................................................................... 131 
Fig.  6.4.1.2. Variation of current in excitation control winding with changing fixed 
capacitance 88 .......................................................................................................... 131 
Fig.  6.4.1.3. Variation of real power in excitation control winding with changing 
fixed capacitance 89 ................................................................................................. 132 
Fig. 6.4.1.4. Variation of current in output winding with changing fixed 
capacitance90 ........................................................................................................... 133 
Fig.  6.4.1.5. Variation of input mechanical power with changing fixed capacitance 
91 .............................................................................................................................. 133 
Fig.  6.4.1.6. Variation of mechanical torque with changing fixed capacitance 92 . 134 
xviii 
 
Fig.  6.4.2.1. Variation of voltage in excitation control winding with changing fixed 
capacitance 93 .......................................................................................................... 135 
Fig.  6.4.2.2. Variation of current in excitation control winding with changing fixed 
capacitance94 ........................................................................................................... 136 
Fig.  6.4.2.3. Variation of real power in excitation control winding with changing 
fixed capacitance95 .................................................................................................. 137 
Fig.  6.4.2.4. Variation of current in output winding with changing fixed capacitance 
96 .............................................................................................................................. 138 
Fig. 6.4.2.5. Variation of input mechanical power with changing fixed 
capacitance97............................................................................................................138 
Fig.  6.4.2.6. Variation of mechanical torque with changing fixed capacitance98 .. 139 
Fig.  6.5.1.1. Variation of voltage in excitation control winding with changing rotor 
speed99 ..................................................................................................................... 140 
Fig.  6.5.1.2. Variation of voltage in excitation control winding with changing rotor 
speed 100 .................................................................................................................. 141 
Fig.  6.5.1.3. Variation of real power in excitation control winding with changing 
rotor speed 101 ......................................................................................................... 142 
Fig.  6.5.1.4. Variation of current in output winding with changing rotor speed 
102.............................................................................................................................142 
Fig.  6.5.1.5. Variation of input mechanical power with changing rotor speed 103 143 
Fig.  6.5.1.6. Variation of mechanical torque with changing rotor speed 104 ......... 143 
Fig.  6.5.2.1. Variation of voltage in excitation control winding with changing rotor 
speed 105 .................................................................................................................. 145 
Fig.  6.5.2.2. Variation of current in excitation control winding with changing rotor 
speed 106 .................................................................................................................. 145 
Fig.  6.5.2.3. Variation of real power in excitation control winding with changing 
rotor speed 107 ......................................................................................................... 146 
Fig.  6.5.2.4. Variation of current in output winding with changing rotor speed108146 
Fig.  6.5.2.5. Variation of input mechanical power with changing rotor speed109 . 147 
Fig.  6.5.2.6. Variation of mechanical torque with changing rotor speed110 .......... 147 
Fig. 7.2.1 Discharging characteristics of the ESS 111 ............................................. 153 
Fig. 7.3.1. General topology of the bi-directional conversion process 112 ............. 154 
Fig. 7.3.2. Application of full-bridge PWM bi-directional single-phase AC-DC 
converter in the renewable ECS 113 ........................................................................ 155 
xix 
 
Fig. 7.3.3. Inverter mode of operation114 ............................................................... 156 
Fig. 7.3.4. Rectifier mode of operation 115 ............................................................. 157 
Fig. 7.3.5 Bi-directional AC/DC converter 116 ....................................................... 158 
Fig. 7.4.1 Estimated energy generation with annual average wind speed 117 ........ 162 
Fig. 7.4.2 Annual average wind speed at 9 am118 .................................................. 163 
Fig. 7.4.3 Annual average wind speed at 3 pm119 .................................................. 164 
Fig. 7.4.4 Power curve of wind turbine with the different wind speeds 120 ........... 165 
Fig. 7.4.5 Power coefficient verses tip-speed ratio121 ............................................ 166 
Fig. 7.4.6 Mechanical torque-speed characteristics curves at different wind 
speeds122 ................................................................................................................. 167 
Fig. 7.4.7 Electromagnetic and mechanical torque speed characteristics curves 
123............................................................................................................................167 
Fig. 7.4.8 Mechanical power verses rotor speed 124 ............................................... 168 
Fig.  7.5.1.  dq transformation of αβ quantities125 .................................................. 169 
Fig. 7.5.2. Equivalent circuit of excitation control winding (a) d-axis (b) q-axis and 
output winding (c) d-axis (q) q-axis of the single-phase induction generator in 
synchronous reference frame126 ............................................................................. 174 
Fig. 7.6.1 Control system127 ................................................................................... 175 
Fig. 7.6.1.1 Battery charging controller128 ............................................................. 176 
Fig. 7.6.2.1 Battery discharging controller129 ........................................................ 177 
Fig. 7.6.3.1 Closed loop PI controller130 ................................................................ 177 
Fig.  7.7.1.1. Variation of output voltage with and without the feedback controller 
131 ............................................................................................................................ 181 
Fig. 7.7.1.2. Variation of output current with and without the feedback 
controller132.............................................................................................................182 
Fig.  7.7.1.3. Variation of excitation control voltage with and without the feedback 
controller133 ............................................................................................................ 183 
Fig.  7.7.1.4. Variation of excitation control current with and without the feedback 
controller134 ............................................................................................................ 183 
Fig.  7.7.1.5. Variation of output power with and without the feedback controller 
135.............................................................................................................................184 
Fig.  7.7.1.6. Variation of excitation control power with and without the feedback 
controller136 ............................................................................................................ 185 
xx 
 
Fig. 7.7.1.7. Variation of mechanical power with and without the feedback 
controller137 ............................................................................................................ 185 
Fig. 7.7.1.8. Torque-speed characteristics of wind turbine at wind speed of 6 
m/s138.......................................................................................................................186 
Fig.  7.7.1.9. Variation of output voltage with and without the feedback controller 
139 ............................................................................................................................ 187 
Fig. 7.7.1.10. Variation of output current with and without the feedback 
controller140 ............................................................................................................ 188 
Fig.  7.7.1.11. Variation of excitation control voltage with and without the feedback 
controller141 ............................................................................................................ 188 
Fig.  7.7.1.12. Variation of excitation control current with and without the feedback 
controller142 ............................................................................................................ 189 
Fig.  7.7.1.13. Variation of output power with and without the feedback controller 
143 ............................................................................................................................ 189 
Fig. 7.7.1.14. Variation of excitation control power with and without feedback 
controller144 ............................................................................................................ 190 
Fig. 7.7.1.15. Variation of mechanical power with and without the feedback 
controller145 ............................................................................................................ 190 
Fig.  7.7.1.16. Torque-speed characteristics of wind turbine at wind speed of 6 
m/s146 ...................................................................................................................... 191 
Fig.  7.7.2.1. Variation of output voltage with and without the feedback controller 
147 ............................................................................................................................ 192 
Fig.  7.7.2.2. Variation of output current with and without the feedback controller 
148 ............................................................................................................................ 193 
Fig.  7.7.2.3. Variation of excitation control voltage with and without the feedback 
controller 149 ........................................................................................................... 193 
Fig.  7.7.2.4. Variation of excitation control current with and without feedback 
controller 150 ........................................................................................................... 194 
Fig.  7.7.2.5. Variation of output power with and without the feedback controller 
151.............................................................................................................................195 
Fig.  7.7.2.6. Variation of excitation control power with and without the feedback 
controller 152 ........................................................................................................... 195 
Fig.  7.7.2.7. Variation of mechanical power with and without the feedback controller 
153 ............................................................................................................................ 196 
xxi 
 
Fig.  7.7.2.8. Torque-speed characteristics of wind turbine at wind speed of 6 
m/s154.......................................................................................................................196 
Fig.  7.7.3.1. Variation of output voltage with and without the feedback controller 
155 ............................................................................................................................ 198 
Fig.  7.7.3.2. Variation of output current with and without the feedback controller 
156 ............................................................................................................................ 198 
Fig.  7.7.3.3. Variation of excitation control voltage with and without feedback 
controller 157 ........................................................................................................... 199 
Fig.  7.7.3.4. Variation of excitation control current with and without the feedback 
controller158 ............................................................................................................ 199 
Fig.  7.7.3.5. Variation of output power with and without the feedback controller 
159.............................................................................................................................200 
Fig.  7.7.3.6. Variation of excitation control power with and without feedback 
controller 160 ........................................................................................................... 201 
Fig.  7.7.3.7. Variation of mechanical power with and without the feedback controller 
161 ............................................................................................................................ 201 
Fig.  7.7.3.8. Torque-speed characteristics of wind turbine at wind speed of 6 m/s and 
7 m/s 162 .................................................................................................................. 202 
Fig.  7.7.4.1. Variation of output voltage with and without the feedback controller 
163 ............................................................................................................................ 204 
Fig.  7.7.4.2. Variation of output current with and without the feedback controller 
164 ............................................................................................................................ 204 
Fig.  7.7.4.3. Variation of excitation control winding voltage with and without the 
feedback controller 165 ............................................................................................ 205 
Fig.  7.7.4.4. Variation of excitation control winding current with and without the 
feedback controller 166 ............................................................................................ 205 
Fig.  7.7.4.5. Variation of output power with and without the feedback controller 
167.............................................................................................................................206 
Fig.  7.7.4.6. Variation of mechanical power with and without the feedback controller 
168 ............................................................................................................................ 206 
Fig.  7.7.4.7. Variation of rotor speed with and without the feedback controller 
169.............................................................................................................................207 
Fig.  7.7.1. Efficiency of single-phase induction generator170 ............................... 208 
xxii 
 
Fig. B.1. Measured and approximated magnetizing characteristics of the three-phase 
induction machine171 .............................................................................................. 238 
Fig. B.2. Calculated and approximated magnetizing characteristics of the single-
phase induction machine172 .................................................................................... 240 
Fig. F.1. Simulation Block Diagram173 .................................................................. 247 
Fig. H.1. Name plate data of the three-phase induction machine174 ...................... 250 
Fig. H.2. Auto transformer connected at the excitation control winding175 ........... 250 




LIST OF TABLES 
Table 5.3.1    Operational parameters required in each test case1 ............................. 80 
Table 5.3.2   Comparison of Current and Voltage of Improved and Comprehensive 
Models2 ...................................................................................................................... 81 
Table 5.3.3   Comparison of Excitation Control and Output Power Factors of 
Improved and Comprehensive Models3 .................................................................... 82 
Table 5.3.4 Comparison of Excitation Control and Output Power of Improved and 
Comprehensive Models4 ............................................................................................ 82 
Table 5.5.1.1  Operational parameters used for load change5 ................................... 85 
Table 5.5.2.1  Operational parameters used for capacitance change6 ....................... 92 
Table 5.5.3.1  Operational parameters used for rotor speed change7 ........................ 99 
Table 5.5.4.1 Operational parameters used for excitation control winding voltage 
change 8 ................................................................................................................... 105 
Table  5.7.1  Comparison of experimental and theoretical values of current and 
voltage8 .................................................................................................................... 115 
Table 5.7.2 Comparison of experimental and theoretical values of power 
factor8.......................................................................................................................116 
Table  5.7.3  Comparison of experimental and theoretical values of active power 
8.................................................................................................................................116 
Table  6.2.1 The comparison of the theoretical and experimental values of operating 
parameters required to achieve the phase balancing of the generator9 .................... 118 
Table   6.2.2     The operational range of operating parameters 10.......................... 119 
Table 6.3.1.1  Operating parameters required to obtain the normal operating 
point11......................................................................................................................120 
Table 6.3.2.1  Operating parameters required to obtain the normal operating 
point11......................................................................................................................126 
Table 6.4.2.1 Operating parameters required to obtain the normal operating 
point12......................................................................................................................135 
Table 6.5.1.1 Operating parameters required to obtain the normal operating 
point13......................................................................................................................140 
Table 6.5.2.1 Operating parameters required to obtain the normal operating 
point14......................................................................................................................144 
Table  7.3.1     System specification of the bi-directional AC/DC converter15 ...... 160 
xxiv 
 
Table 7.3.2   Calculated power, voltage and current at each point of the bi-directional 
AC/DC converter16 ................................................................................................. 160 
Table   7.3.3     Simulation parameters of the bi-directional AC/DC converter17 .. 161 
Table   7.3.4     Transformer parameters 18 ............................................................. 161 
Table 7.4.1 Technical specification of 5 kW H-type vertical axis wind 
turbine19...................................................................................................................164 
Table 7.6.3.1   Proportional      and Integral       gains of proposed PI 
controller20 .............................................................................................................. 180 
Table  7.7.1.1   Values of System Variables21 ........................................................ 186 
Table  7.7.2.1   Values of System Variables22 ........................................................ 197 
Table  7.7.3.1   Values of System Variables23 ........................................................ 203 
Table  B.1        Name plate data of induction machine24 ........................................ 237 
Table  B.2        Measured parameters of the three-phase induction machine25 ...... 237 






CHAPTER 1- INTRODUCTION 
1.1 Background 
Australia has an abundant and a rich diversity of energy resources distributed across 
the country. The non-renewable energy resources such as coal, gas and uranium are 
expected to last for many more decades. However, in order to reduce the global 
warming and environmental impacts caused due to the use of non-renewable energy 
sources, renewable energy resources such as wind, hydro, solar, wave and bio energy 
are focused to supply the growing energy demand in the country. Wind is a vast 
potential renewable energy source in the world. It is the fastest growing renewable 
energy resource which is expected to continue until 2030. Some of the best wind 
resources in the world are located in the coastal regions of western, south-western, 
southern and south-eastern Australia. Depending on the requirement, the availability 
of the renewable energy source and the economical factors, the wind energy 
generation plants are operated as grid-connected or off-grid power stations. 
The purpose of this thesis is to design and control of a small-scale wind or hydro 
energy generation plant suitable for both grid-connected and off-grid operation. This 
power generation system consists of the following major components. 
 A small-scale three-phase induction machine 
 Bi-directional DC-AC inverter 
 Battery energy storage system 
 Wind/ Hydro turbine 
 Load Circuit 
 Control system 
Since the modern electronic equipments are more sensitive to the variations and 
disturbances of the electric power, reliability and quality of the electricity supply 
determines the fitness of the power generation scheme. Especially, in off-grid 
operation, the electricity generation using wind power depends on the fluctuations of 
the wind speed and the load demand. In order to supply a constant voltage and 
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sinusoidal waveform with the desired frequency, the energy storage system and the 
control system capable of maintaining the desired output under different conditions 
are needed to design. 
The research was carried out over a period of five years with both theoretical and 
experimental analyses. Problem definitions, mathematical calculations and system 
modelling were developed as the theoretical analysis and implementation of 
theoretical model in the real world was executed as the experimental analysis.  
Using the existing theories in Electrical/ Electronic Engineering, the mathematical 
model of each component in the energy generation system was theoretically 
developed. The developed model was simulated in Matlab/ Matlab Simulink to 
obtain the theoretical results of the generator system. This model was verified using 
the experimental results obtained on laboratory experimental setup. 
From the starting point of this research a numerous number of literature related to the 
thesis was collected. The search engines provided by Curtin Library were heavily 
utilized to find out the journal papers, proceedings, textbooks, conference papers and 
online articles related to the each section of this thesis. However, only a selected 
number of references are listed in the Bibliography of the thesis. Each of the 
references is described in detail in the literature review in Chapter 2.    
Some of the technical works related to the main body of the thesis are presented as 
appendices. Appendix A-H is given at the end of the thesis. 
1.2 System Overview  
This thesis focuses on the modeling and control of a single-phase induction generator 
based on a three-phase squirrel cage rotor machine suitable for renewable energy 
generation such as wind or micro-hydro plants located in remote areas. In this 
generator topology shown in the schematic diagram in Fig.1.2.1, two windings of the 
three-phase machine are connected in a series as the output winding, and the 
remaining third winding is used as an isolated control winding to regulate the voltage 
and frequency at the output winding using a bidirectional DC-AC inverter with 
battery energy storage system (ESS) at the DC side. The terminals of the output 
winding are connected to the consumer load. A fixed capacitor is also usually 
connected in parallel with the consumer load at the output terminals to supplement 
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the reactive power requirement of the generator. It reduces the inverter current rating 
by supplying a portion of the required reactive power locally. It also helps to improve 










Fig.  1.2.1. Schematic diagram of the winding connection of single-phase Induction 
Generator 1 
In terms of power, the control winding supplies the deficit of reactive power 
requirement of the machine and is therefore referred to in this thesis as the excitation 
control winding. However, the same winding is also used to supply or absorb the real 
power required to balance the real power in the system under varying consumer load 
demands and the varying renewable energy source coupled to the shaft of the 
machine. The battery energy storage on the DC side of the inverter stores the excess 
electricity generation of the machine during periods of high renewable energy 
availability, and supplies the deficit energy requirement during other periods where 
renewable energy generation is less than what is demanded by the load. Therefore, 
the output voltage and frequency can be regulated at their rated values despite the 
changes in renewable energy availability and load demand. Hence, the system is 


















1.3 Significance of the Research and Research Motivation 
The developed single-phase induction generator can be employed in a small-scale 
energy generation scheme. Since it is capable of generating constant voltage, 
constant frequency output regardless of the fluctuations of available renewable 
energy source and load demand, it is an ideal candidate for the small-scale renewable 
energy applications such as wind power plant. The knowledge of its theoretical 
behaviour is important before employing in the real world. Therefore, developing the 
mathematical models of the single-phase induction generator both in transient and 
steady states are significant not only to analyse its behaviour, but also to control the 
generation system under different situations. Once the theoretical models are 
experimentally verified using laboratory experimental results, this generator system 
can be utilized in many renewable energy generation schemes with no uncertainties.  
An incomplete set of dynamic equations of the single-phase induction generator is 
reported in the literature. However, a large percentage error can be identified when 
comparing the experimental and simulation results given in the literature. 
Considering the importance of this system in renewable energy generation, 
improving the accuracy of the existing dynamic model is highly required. This 
motivates the researcher to seek the comprehensive dynamic model presented in 
Chapter 3. Furthermore, the steady-state model and the control system in 
synchronous reference frame were developed to study the performance of the 
regulated energy generation system.  
1.4 Objectives of the Research 
In order to achieve and analyze the predicted results, the following objectives were 
examined in this thesis. 
 In order to study the dynamic behavior of the generator: 
i. Develop an improved dynamic model in stationary αβ reference 
frame that takes into account the core loss resistance and the non-
linearity of magnetizing reactance in the saturated region. 
ii. Develop a dynamic equivalent circuit in α-axis and β-axis. 
iii. Analyze the dynamic behavior of the generator following sudden 
change(s) in operational parameters such as load, fixed capacitance, 
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rotor speed and excitation control voltage. 
 In order to study the steady-state behavior of the generator: 
i. Develop a steady-state model in stationary αβ reference frame. 
ii. Obtain the steady-state equivalent circuit in α-axis and β-axis. 
iii. Develop computational techniques to calculate the system variables 
in steady-state for a given set of operational parameters. 
iv. Develop computational techniques to calculate operational 
parameters in order to achieve a balance between current and voltage 
in the generator system. 
v. Analyze the steady-state behavior of the generator under different 
load demands, fixed capacitance, rotor speed and excitation control 
voltage. 
 Develop a dynamic model in synchronous reference frame in order to design 
the control system of the generator. 
 Design a control system that meets the following requirements. 
i. Supply a constant voltage and a constant frequency at the output by 
controlling the voltage and the frequency of the excitation control 
winding.  
ii. Isolate the ESS and the bi-directional converter from the generator 
system when the ESS is fully discharged. 
iii. Dissipate the excess energy as heat through a variable resistor 
connected in parallel with the battery energy storage when the ESS is 
fully charged. 
 Design the ESS to supply the rated output power of the generator for three 
days continuous in situations where the renewable energy source is not 
capable of supplying the load demand. 
 Design a bi-directional converter to transfer both active and reactive power 
between the ESS and the generator. 
 Design a model of Wind Turbine Characteristics which is capable of 
providing the rated power of the generator at a wind speed of 10 m/s. 
 In order to verify both the transient and the steady-state models developed in 
this thesis, compare the computer simulation results with the experimental 
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results obtained using a small-scale induction generator system assembled in 
the laboratory.  
 Simulate the steady-state model of the generator system including the 
unregulated wind turbine using Matlab Simulink in order to study the 
performance of the proposed regulated system. 
1.5 Organization of the Thesis 
This thesis is arranged in the following Chapters. 
Chapter 1 (this Chapter) introduces and briefly describes the research work and 
presents the objectives of this research. The research work undertaken in order to 
achieve these objectives is explored in detail in the subsequent chapters. 
Chapter 2 presents a survey of the literature pertaining to the generation of electricity 
using renewable energy sources such as wind and hydro; the role of the single-phase 
induction generators in electricity generation in remote areas; the single-phase 
operation of three-phase induction machines; the methods of developing the 
mathematical models of the generator; the designing of bi-directional power 
converters and energy storage systems, the wind turbine characteristics and their 
operations and the control systems. One of the main focuses of this work is the 
modelling and analysis of the single-phase induction generator in both transient and 
steady-states. The literature survey was carried out with the aim of discovering the 
types of connections that are available for generating single-phase output using a 
three-phase induction machine, and the methods used to develop mathematical 
models. Furthermore, due to the large discrepancy between the experimental results 
and the computer simulation results obtained from the already-developed dynamic 
model of this generator configuration, the literature survey was carried out in order to 
discover a means of improving the accuracy of the existing dynamic model. All the 
references given in this chapter are directly connected with the content of this thesis 
and highly relevant to this research work.  
Chapter 3 of the thesis presents the rationale for this research and the existing 
dynamic model of this generator configuration. The large percentage error identified 
when comparing the experimental and simulation results given in the literature 
motivated the researcher to seek a comprehensive dynamic model described in the 
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first part of Chapter 3. Starting from the fundamental flux equations of a three-phase 
induction generator, the dynamic equations of a single-phase generator in stationary 
‘abc’ reference frame were developed to take into account the core loss resistance 
and the non-linearity of the magnetizing reactance in the saturated region. In order to 
avoid the complexity of dealing with a multi-phase system, the model developed in 
the stationary ‘abc’ reference frame was transformed into a stationary ‘αβ’ reference 
frame.  Furthermore, the equivalent circuit of the comprehensive dynamic model in 
the α-axis and β-axis comprising the generator, the prime mover, excitation 
capacitors and the consumer loads is given in this chapter. In the second part of 
Chapter 3, the steady-state model in a stationary αβ reference frame and the steady-
state equivalent circuit in α–axis and β-axis are presented. 
In this thesis, load, fixed capacitance and rotor speed are considered as the operating 
parameters of the generator system. Chapter 4 presents the computational techniques 
developed to calculate the system variables in steady-state for a given set of 
operating parameters in two different scenarios. In the first scenario, the rotor speed 
is considered to be fixed and known whereas in the second scenario, the rotor speed 
is considered as a load-dependent variable. The computational methods used to 
calculate the system variables for both the scenarios are described in detail. 
Furthermore, in the latter part of Chapter 4, the computational techniques for 
calculating the operational range of the operating parameters are presented.  
The study of the dynamic performance of the induction generator driven by an 
unregulated wind turbine is developed in Chapter 5. First, the computer simulation 
results obtained from the existing dynamic model and the comprehensive dynamic 
model in the stationary ‘αβ’ reference frame are compared with the corresponding 
experimental results obtained from the laboratory experiment conducted to verify the 
improved accuracy of the comprehensive dynamic model compared with the existing 
dynamic model.  Secondly, a procedure to determine the dynamic behaviour of the 
generator for a given operating parameter is developed. Then, the dynamic behaviour 
of the generator due to sudden variation in each operating parameter is studied 
separately. The variable step Runge-Kutta technique is used to compute the dynamic 
performance using Matlab software. The results obtained from computer simulations 
are experimentally verified. 
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Chapter 6 presents a detailed analysis of the steady-state behaviour of the induction 
generator driven by an unregulated wind turbine. Studies are conducted to investigate 
the effects of changes to the consumer load, the excitation capacitance and the speed 
of the prime mover. The developed dynamic model was simulated in Matlab 
simulink. The results of the simulation are experimentally verified.  
Chapter 7 describes the control system proposed by this thesis to regulate the voltage 
and the frequency at output winding under different load demand and fluctuations in 
a renewable energy source. The mathematical model of the single-phase generator in 
synchronous reference frame is developed in order to design the proposed control 
system. The selection of a suitable ESS and its capacity are discussed in this chapter. 
In addition, the design procedure of the bi-directional converter is explained. In order 
to study the performance of the generator with the real-time wind turbine 
characteristics, a model of a wind turbine suitable for small-scale wind energy 
generation systems is developed. The performance of the combined system is studied 
using Matlab Simulink.  




CHAPTER 2- REVIEW OF LITERATURE 
The excessive and inefficient use of conventional energy sources such as oil, natural 
gas and coal has become a global concern due to the rapid depletion of fossil fuels, 
increasing demand for energy, global warming and climate change [1]. Governments 
worldwide are focusing on power generation using renewable energy sources such as 
wind, solar, biomass, geothermal and hydro due to their sustainability, efficiency, 
cost-effectiveness and reliability for long-term operation [2-10]. Renewable energy is 
used in four different areas: electricity generation, water/space heating, motor fuels 
and rural (off-grid) energy services [11-16].  
Wind and hydro power make a significant contribution to the generation of 
electricity in some countries [17-23]. Mostly, the small scale wind turbine and the 
micro-hydro generate decentralized power for cooperative or individual consumption 
at the local generation point. It implements the concept of stand-alone operation of 
the energy conversion system (ECS) [24-25]. In order to capture maximum power 
available from wind and hydro, it is not practicable for the prime mover operate at a 
constant speed [26-27]. In the past, it has been found that variable speed turbines are 
capable of capturing more effective power than do fixed speed turbines with similar 
capacity [28-30]. In order to track the maximum power, a variable speed generator is 
employed. Of the two types of variable speed generators, variable speed induction 
generator is more popular due to its advantages: it is smaller and less expensive; it is 
rugged and brushless; it does not need a separate DC source; maintenance is easy, 
and it has self- protection against severe overloads and short circuits compared to the 
variable speed synchronous generators with the same power ratings [31-37].    
2.1 Operation of Three-Phase Induction Machine as a Single-Phase Generator 
Most of the renewable energy sources available in abundance are located in remote 
areas where the three-phase electricity supply may not be available. [38-42]. 
Therefore, in these areas, the variable speed, single-phase induction generators are 
the most suitable for the generation of electricity using renewable energy sources. 
However, for power ratings above 3 kW, there is an increasing tendency to use 
10 
 
standard three-phase induction generators to generate single-phase output because 
they are less heavy, smaller in size, cheaper, incur less power loss, are more efficient, 
easy to maintain and readily available as a means for comparison with the single-
phase induction machines with the same power ratings [43-47]. In the past decades, 
extensive work has been done by many researchers on the design and analysis of 
single-phase electricity generation using three-phase induction machines [44, 48-55].  
As an approach to supply power to a single-phase load on a three-phase self-excited 
induction generator, Bhattacharya, J.L. et al. [48] introduced the C-2C connection 
where the capacitance across one phase is twice that across the second phase, and 
there is no capacitance across the third phase. The single-phase load is connected in 
parallel with the single capacitance. Al-Bahrani A.H. et al. [49] discuss a method of 
supplying a single-phase output using a three-phase isolated self-excited star or delta-
connected induction generator employing a single excitation capacitor. Tadashi 
Fukami et al. [51] introduced a method of connecting three capacitors in series and 
parallel with the stator winding of a squirrel cage three-phase induction machine in 
order to supply an electric power to a single-phase load. Chan T.F. et al. [44] 
introduced Steinmetz connections which are capable of supplying single-phase 
power using three-phase induction motors with a single capacitor connected across 
the lagging phase. Chan T.F. et al. [52] present an enhanced method of Steinmetz 
connections to provide a single-phase power with reduced voltage regulation and 
increased power output. In this connection, the excitation capacitance is connected 
across the lagging phase, whereas the compensation capacitor is connected in series 
with the single-phase load across the reference phase. Madawala et al. [55] has 
recently introduced a configuration with two windings in series and one isolated 
winding as an alternative (TSCAOI configuration).  It is a more attractive method 
since it facilitates incorporating a controllable source in the isolated winding to 
produce a constant voltage and a constant frequency at the output terminals 
regardless of the fluctuations in available renewable energy.  
2.2 Energy Storage in Renewable Energy System  
The variable speed turbines face technical challenges in producing continuous 
electrical output since they extract the maximum available power from the renewable 
energy source. Thus, the output of the generator fluctuates because excess energy is 
generated during periods of high renewable energy availability, and there is a deficit 
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of energy during other periods when the availability of renewable energy is less than 
what is demanded by the load [56-57]. In order to become a more reliable ECS, the 
output power needs to be smoothed and constant at the consumer point or the grid 
point [58-60].  Hence, there is the need for a properly designed energy management 
system which is capable of fulfilling the consumer demand at all times [61-67].  
Electrical energy can be stored in many forms such as electrochemical energy, 
thermal energy, mechanical energy, electrostatic energy, etc [66]. Since capital 
investment is required for the installation of an energy management system, it is 
important to design a particular system that takes several factors into consideration 
[68]. Thus, in addition to energy storage capability, variation of the load, historical 
data of the renewable energy fluctuations in a selected area, specific details of the 
ESS, data specific to the inverter are crucial factors to be considered when designing 
an energy management system [69-71]. The most common forms of renewable ESS 
are rechargeable batteries, thermal energy storage, flywheels, cryogenic energy 
storage and superconducting magnetic energy storage [72-82]. The most common 
types of rechargeable batteries are lead-acid, lithium-ion, nickel-cadmium (NiCd) 
and nickel-metal hydride (NiMH) [77, 80].   The initial cost of rechargeable batteries 
is higher. However, they can be recharged at a lower cost and used for several years. 
Compared to all other ESS, flywheels have the longer lifetime and can be used with 
little or no maintenance for several years.  
The evaluation of the Ampere-hour capacity of a battery energy storage system 
(BESS) is a more crucial factor for the load levelling for several hours during 
extremely low availability of the renewable energy source [83]. After determining 
the required capacity of the system, the most economical and effective ESS can be 
selected. The function of ESS has to be carefully controlled by a control circuit. At 
the depth of discharge of the batteries the BESS is isolated from the generator system 
to avoid the damage that may be caused to the batteries if fully discharged. This 
controlling is essential to protect batteries from cell reversal since a number of 
batteries are connected in series to make the ESS. In order to prevent the batteries 
from overcharging, the redundant power is dissipated as heat through a variable 
resistor connected in parallel to the BESS [83-90]. If required, the dissipated heat 
may be used for other purposes such as water heating and steam making.      
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2.3 Control Issues and Techniques 
Single-phase, full-bridge inverters with insulated-gate bipolar transistor (IGBT) and 
diodes are capable of acting as bi-directional converters [91-93]. The same sinusoidal 
Pulse width modulation (PWM) controller is used to generate switching signals for 
the IGBT gates in both inverter and rectifier.  
Basically, an ECS is controlled using two controlling methods: voltage control and 
current control. In a stand-alone operation, the voltage control method is preferable 
to the current control method [94]. Proportional Integral (PI), Proportional Integral 
Derivative (PID) controllers or Fuzzy logic controllers can be used for the 
satisfactory operation of the control system [95-98].  In between the two common 
classes of control systems; i.e. open loop and closed loop control systems, the second 
system is employed in the case of linear feedback systems, in order to regulate a 
particular variable at a desired value. The Nyquist plots can be used to determine the 
stability of the chosen gain parameters of the closed loop transfer function [99].  
2.4 TSCAOI Configuration Novel Single-Phase Induction Generator 
This topology is shown in the schematic diagram in Fig. 2.4.1. 
Phases ‘b’ and ‘c’ of the three-phase machine are connected in series as the output 
winding and its terminals are connected to the consumer load. The remaining third 
winding of phase ‘a’ is used as the isolated control winding to regulate the output of 

























In the TSCAOI configuration, the output voltage and the frequency are controlled by 
isolated winding using a battery energy storage system (ESS) connected at the DC 
side of a bidirectional converter. From the point of view of power, the control 
winding is used to supply or absorb the real power required to balance the real power 
in the system under varying consumer load demand and the varying renewable 
energy source. The battery energy storage on the DC side of the inverter stores the 
excess electricity generation of the machine during periods of high renewable energy 
availability, and supplies the energy requirements during other periods of deficit 
when renewable energy generation is less than what is demanded by the load. 
Therefore, the output voltage and frequency can be regulated at their rated values 
despite the changes in renewable energy availability and load demand. Therefore, the 
system is capable of capturing the maximum energy from the renewable energy 
source.  However, the same winding is also used for supplying the deficit of reactive 
power requirement of the machine and is therefore referred to in this thesis as the 
excitation control winding. A fixed capacitor is usually connected in parallel at the 
output terminals to supplement the reactive power requirement of the generator. It 
reduces the inverter current rating by supplying a portion of the required reactive 
power locally. It also helps to improve the balance of the currents among three 
phases. The schematic diagram of this renewable energy generation system is shown 

















































Unlike the conventional wind ECSs, a reversible converter is used at the excitation 
control winding in this ECS [55]. This converter is capable of working as a DC/AC 
inverter as well as an AC/DC rectifier. The inverter circuit is active during reactive 
power requirement for the excitation process of the generator and the deficit energy 
requirement when the availability of the renewable source is low. The excess energy 
generated during the period of high availability of renewable energy source is 
transferred to the ESS through the rectifier circuit. Thus, the reversible converter is 
one of the most important components of this generator system.  
In order to derive the dynamic model of the proposed generator system, the stator 
phase ‘a’ is considered as the reference phase and rotor phase ‘a’ is considered as φr 
degree inclined to the reference phase.   
The stator and rotor voltages of a standard three-phase squirrel cage induction 
machine in an “abc” reference frame can be represented by the following equations 
[55]. 
                                                           (2.4.1) 
where p is the differential operator and 
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where             
   
   
   
     ,             
   
   
   
   = 0 for cage rotor machines. 
      
    
    
    
  ,       
                     
                     
                     
   
According to the winding connection of the proposed configuration, the voltages and 
the currents in the output and excitation control windings can be given by [55] 
                     (2.4.3) 
                     (2.4.4) 
where          
   
   
    ,            
   
   
     
     
   
    
    ,               
In order to avoid the complexity of dealing with multi-phase system, three-phases of 
the rotor are transformed into a “αβ” frame using the transformation in (2.4.5) 
assuming that the “α” axis of the “αβ” frame is aligned with the phase “a” of the 
stator windings, as shown in Fig. 2.4.3 [55]. 




              
  
 




              
  
 





























The phases of excitation control winding and output winding denoted as ‘e’ and ‘o’ 
respectively form the ‘eo’ frame. ‘e’ and ‘o’ in the ‘eo’ frame correspond to ‘α’ and 
‘β’ in the ‘αβ’ frame respectively. When the rotor parameters in the “abc” frame are 
transformed into “αβ” frame, the stator and rotor voltages in “eo” and “αβ” frames 
can be defined as (2.4.6) and (2.4.7) respectively. 
                  
                      
                         
             
 (2.4.6) 
       
            
                    
                             
           
 (2.4.7) 
After lengthy manipulations with appropriate substitutions, (2.4.6) and (2.4.7) can be 
rewritten in the following form [55]: 
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                 (2.4.9) 
In order to derive the mathematical model, the elements of the machine current 
vector are chosen as the state variables. The state space model of the single-phase 
generator can be represented as shown in (2.4.10). 
                    (2.4.10) 
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The electromagnetic torque of the machine can be derived from [55] 
   
 
 
        
 
   
                   (2.4.11) 
When the in “abc” quantities in (2.4.11) are transformed into the “eo” and “αβ” 
frames, the electromagnetic torque can be re-written as 
   
 
 
                      (2.4.12) 
The relation between the electrical and the mechanical components of the machine 
can be presented using the equation of the motion of the generator and is given by 





         (2.4.13) 
2.5 Turbine Models Used in Renewable Energy Generation 
This generator topology is suitable mainly for renewable energy generation in wind 
and hydro power plants. In the wind power generation industry, two different designs 
of wind turbines are being used for electricity generation: the horizontal axis and the 
vertical axis. Vertical axis wind turbines (VAWT) such as Darrieus, Savonius, 
Giromill and Cycloturbine, are capable of capturing wind from different directions 
without using the yaw mechanism. It is quiet and maintenance is easy since the 
electrical components are installed at ground level [100-102]. They are more suitable 
for small-scale, distributed wind generation plants in urban environments. The main 
disadvantage of VAWT is the difficulty of designing a stall control at high wind 
speed to prevent over speed and over voltage when a permanent magnet synchronous 
generator is used [103-104]. Horizontal axis wind turbines (HAWT) are capable of 
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aerodynamic control at high wind speed in order to limit the speed and the voltage 
[105-107]. However, these types of wind turbines are commonly used in the large-
scale wind farms located in an open topography such as a sea coast or plain where 
there is a consistent wind flow throughout the year [107]. In terms of the speed of the 
prime mover, the wind turbines can be classified into two categories: constant speed 
wind turbines (CSWT) and variable speed wind turbines (VSWT). CSWTs are 
aerodynamically less efficient than VSWTs. VSWTs extract more energy from wind 
since they can operate at the optimum rotor speed, thus increasing energy extraction 
by 20-30% than do the CSWTs. The advantage of the CSWTs is the simplicity of 
their stall control system [108].  
The tip-speed ratio (TSR) of a wind turbine is the ratio between the tangential speed 
of the tip of a blade and the actual speed of the wind. The TSR is highly related to 
the efficiency of the wind turbine by optimizing the number of blades to be used. The 
relationship between TSR and the number of blades used is given by (2.5.1) [109].  
        
  
  
   (2.5.1) 
The performance of the wind turbine is affected by the solidity of the rotor which 
depends on the number of blades used as in (2.5.2) [110]. 
   
   
 
  (2.5.2) 
The power that can be extracted from the available wind source depends on the 
power coefficient of the wind turbine [111]. The power coefficient is a higher-order 
function of the TSR and varies with different wind speeds. However, the theoretical 
maximum power coefficient has been defined by Betz in 1926 and is equal to 16/27 
=0.59 [109].  
Hydro turbines are categorized mainly into two groups: impulse turbines and reaction 
turbines [112]. The type of turbine selected for the hydro power plant depends 
mainly on the height of the standing water (the head). In addition, the efficiency and 
the cost are crucial since the cost of the hydro energy is competing with the 
conventional energy sources. In impulse turbines, the turbine runners are pushed and 
move due to the velocity of a water jet. These types of hydro turbines are used 
mostly in high head, low flow applications [112]. Pelton wheels and cross-flow 
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turbines are two different types of the impulse turbines. Due to the combined action 
of pressure and water movement, the reaction turbine converts the kinetic energy into 
electricity [113-114]. This hydro turbine is suitable for low or medium head 
applications. Propeller turbines, Francis turbines and kinetic energy turbines are 
examples of reaction turbines. . The power extracted by the hydro turbine   from the 
water stream can be given by (2.5.3) [115]. 
                 (2.5.3) 
2.6 Modelling Issues of Induction Generator 
Knowledge of the performance of the induction generator during both transient and 
steady-states is essential before it is utilized in an electricity generation scheme. An 
extensive work on transient and steady-state analysis of the induction generators has 
been reported in the literature [116-130]. Olorunfemi Ojo et al. [116] discuss 
transient analysis on a self-excited single-phase induction generator in d-q reference 
frame. Quinonez-Varela. G. et al. [121] analyses the transient conditions in abc 
reference frame. Transient analyses of the single-phase operations of three-phase 
induction machines are discussed in Murthy S.S. et al. [131], Mahato S. N. et al. 
[132], Shidhar L. et al. [133] and Liyanage D. [134]. Al-Bahrani A. H. et al. [49], 
Chan T.F. et al. [52-54] and Fukami T. et al. [51] discuss the steady-state 
performance analysis of the different arrangements of a three-phase induction 
generator employed to supply for the single-phase load. In some of the analyses, 
performance of the generator is discussed based on the assumption of linear 
magnetizing reactance. However, some analyses are based on the non-linear 
magnetizing reactance.  
Magnetizing inductance plays a vital role in the dynamic analysis of induction 
generators. In the unsaturated region, the magnetizing reactance Xm is the ratio of air 
gap voltage Vg and magnetizing current Im which is almost a constant, whereas in the 
saturated region this ratio decreases with the increasing magnetizing current.   
Therefore, it is important to identify the saturated magnetizing reactance for more 
accurate analysis [135-137]. In order to define a mathematical equation for the 
measured magnetizing characteristics of an induction machine, different approaches 
have been discussed in the literature. In Murthy S.S. et al. [138] and Devabhaktuni S. 
et al. [139], the non-linear region of the magnetizing characteristic curve is divided 
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into a few linear parts and each part is denoted by a linear equation to represent the 
saturation effect. In Murthy S.S. et al. [47, 140], the variation under the saturated 
region has been defined by an approximated linear curve. Seyoum D. et al. [137], 
Sandeep V. et al. [141] and Debta B. K. et al. [142] have discussed a higher order 
curve fitting method to approximate the non-linear region of magnetizing 
characteristic curve. Rajakaruna S. et al. [128] presented a more interesting method 
to approximate the linear and non-linear regions of the magnetizing characteristics 
curve using two separate equations. This method matches most of the magnetizing 
characteristics very accurately. For convenience, the core loss resistance of an 
electrical machine has usually been neglected in most of the analyses [143]. 
However, consideration of the effect of core loss resistance on the dynamic 
behaviour of the induction machine has proved the increased accuracy of the analysis 
[144]. 
2.7 Summary 
The increasing demand for renewable energy sources such as wind and hydro in 
electricity generation in the world has been discussed in the first part of this chapter. 
The role of induction generators in off-grid and grid connected energy generation 
schemes and the existing models of single-phase operation of three-phase induction 
generators are discussed in detail. A survey of the literature pertaining to the energy 
storage systems, the wind turbines used in renewable energy generation plants and 
the control techniques and issues are presented in this chapter. Furthermore, the 
existing dynamic model of the novel single-phase generator based on a three- phase 
induction machine has been presented. Due to the large discrepancy between the 
experimental and the computer simulation results reported in the literature, a 
comprehensive dynamic model which can improve the accuracy of theoretical results 
will be developed in the next Chapter. 
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CHAPTER 3- SYSTEM MODELLING  
In order to analyse the dynamic behaviour of the single-phase operation of a three-
phase induction generator, an incomplete set of equations has been presented in [55] 
by neglecting the effect of core loss resistance and the non-linear nature of the 
magnetizing reactance in the saturated region. The first objective of this thesis is to 
develop the dynamic mathematical model and the per-phase equivalent circuit of the 
single-phase induction generator that takes into consideration both the effect of core 
losses and the non-linearity of the magnetizing inductance in the saturated region. 
However, due to the following reasons, the dynamic equations given in [55] are not 
adequate for developing the comprehensive model. 
 Equation (2.4.9) presents the voltage equations of rotor in stationary αβ 
reference frame. However, the highlighted segment of (2.4.9) is not 
meaningful in a voltage equation.  
        
   
   
                
  
   
                          
 
 
     
   
  
   
                 
 
 
            
 When the state space model defined in (2.4.10) is simulated in Matlab 
software to reproduce the results presented in [55] with the same operating 
conditions, it is noted that the obtained outputs do not replicate the results in 
the literature. All the tests performed using the given state space model 
produce unstable outputs. 
 
 Some matrix conversions are unclear.  Each component of the model has to 
be simple and unequivocal. 
 The model of the consumer load and the fixed excitation capacitor has not 
been presented. 
In order to avoid the above identified errors of the existing model, in order for the 
model presented in this thesis to be more comprehensive and accurate; the dynamic 
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equations of the single-phase induction generator are developed by starting from the 
flux linkage of the windings of the standard three-phase induction machine. 
3.1 Dynamic Model in Stationary αβ Reference Frame 
The flux linkage can be defined as a product of the number of turns in a loop and the 
magnetic flux through the same loop as in (3.1.1). 
     (3.1.1) 
By Faraday’s law of induction, the electro motive force (emf) generated in the loop is 
given by (3.1.2) 
   
 
  
   (3.1.2) 
Thus, stator and rotor voltages in each phase of a standard three-phase machine can 
be presented by (3.1.3) and (3.1.4) respectively. 
        
 
  
     (3.1.3) 
        
 
  
     (3.1.4) 
where    and    can be defined as (3.1.5) and (3.1.6) respectively. 
                        (3.1.5) 
                        (3.1.6) 
   and    are the inductive parameters of stator and rotor respectively. By ignoring 
the core loss resistance of the machine, currents through the air -gap i.e.     and     
can be defined as (3.1.7). 
                   (3.1.7) 
If the slip of the machine is given as ‘s’, the per-phase voltage equations for stator 
and rotor windings of a standard three-phase induction machine can be represented 
by the equivalent circuit in Fig. 3.1.1.   and   are same and denoted by    in Fig. 
3.1.1. Assuming the stator phase ‘a’ is as the reference phase and rotor phase ‘a’ is φr 
degree inclined to the reference phase, the magnetizing air-gap fluxes of stator and 
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Using (3.1.3)-(3.1.6) and (3.1.8)-(3.1.9), the voltage in each phase of stator and rotor in a stationary ‘abc’ reference frame can be presented by 
(3.1.10).  
 
 Fig.  3.1.1. Equivalent circuit of three-phase induction machine 5 
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   (3.1.10) 
According to the standard notations of electrical circuits, the current in the output winding of the single-phase generator proposed in [55] is equal 
to the winding current in the stator phase ‘b’ and the negative value of that in the stator phase ‘c’. The output voltage is equal to the voltage 
difference of phase ‘b’ and ‘c’ windings. The winding current and voltage in stator phase ‘a’ are the same as the current and voltage in the 
excitation control winding respectively. This is illustrated in the schematic diagram in Fig. 2.4.1.  
               (3.1.11) 
          (3.1.12) 
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               (3.1.13) 
          (3.1.14) 







   
   
   
   
   


















                              
  
 




                
  
 




                 
  
 
              
  
 
              
                             
             
  
 
               
  
 
     
             
  
 
               
  
 

















   
   
   
   





















                               
  
 







        
 
 
              
  
 







         
 
 
              
  
 
           
  
 
           
                              
 
 
    
 
 
   
          
  
 






             
 
 
   
          
  
 






    
 
 






















   
   
   
   









Using the equations of output voltage and excitation control voltage defined in (3.1.13) and (3.1.14) respectively, and assuming that the rotor 






   


















                              
  
 




                              
  
 




                             
             
  
 
               
  
 
     
             
  
 
               
  
 















   
   
   
   


















                               
  
 




       
 
 
                          
  
 




                              
 
 
    
 
 
   
          
  
 






             
 
 
   
          
  
 






    
 
 



















   
   
   
   









In this equation, the stator parameters are in the ‘eo’ frame and the rotor parameters 
are in the ‘abc’ frame. To avoid the complexity of dealing with this multi-phase 
system, three-phases of the rotor are transformed into two phases. If the phase of 
excitation control winding in the ‘eo’ frame is aligned with the α-axis of the ‘αβ’ 
frame, the phase of output winding will be aligned on the β-axis as they are 
perpendicular to each other. This transformation is shown in Fig.  3.1.2. 
Using the Park transformation, the rotor components in phases a, b and c in ‘abc’ 
frame can be transformed into ‘αβ’ frame as in (3.1.17). 
 
   
   




             
  
 




             
  
 





   
   
   
   (3.1.17) 
Using the inverse of (3.1.17), the rotor components in the ‘abc’ frame can be defined 
in terms of ‘αβ’ components as in (3.1.18). 
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Assuming the machine stator to rotor turns ratio is as 1:1 for the simplicity,   ,    , 
    and     are considered to be equal to    . From (3.1.16), the stator and rotor 
voltages can be defined as (3.1.19) and (3.1.20) respectively. 
 
   
   
   
   
    
   
   
   
         
                                
                                   
   
   
   
   
  
   
          
       
 
 





   
   
   
     
                             





   
   
   





   
    
    
    
   
   
   
   
        
             
                           
                           
  
   
   






           
 
 
    
 
 




             
 
 




    
 
 








   
   
   
  
    
            
                          





   
   
              (3.1.20) 
After substituting for rotor components from (3.1.17) – (3.1.18) and lengthy 
mathematical work-out given in Appendix A, the stator and rotor voltages in 
stationary ‘αβ’ reference frame can be presented as (3.1.21) and (3.1.22) 
respectively. 
 
   
   
  
 
   
    
   
   
   
    
          
       
 
 





   




     
  





   
   






      
   
   
  
   
   
      
  





   
   
   
   
   
  
   
   
         
 
 
     
  
   
  
   
   
  
     
 
 







   
   
  (3.1.22) 
The error identified in (2.4.9) has been corrected in the above equation. The 
highlighted part in (3.1.22) shows that it is a sum of the voltage across the rotor 
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resistance and the mutual induction instead of the product of these two components 
as given in (2.4.9). 
In order to discover the errors that persist in the state space model given in (2.4.10), 
the same approach given in [55] is used to develop the state space model described 
below. The voltage equations of stator and rotor given in (3.1.21) and (3.1.22) is 
combined to form one matrix as in (3.1.23).  
 
   









     
      
                  
    
 
 
               
    
 






   
   
   
   








           
    
 
 
             
      
 
         
    
 
  
            












   
   
   
   
   (3.1.23) 
After substituting for inductive components in (3.1.23), it can be simplified as 
(3.1.24).   
 
   








     
      
                 





   
   
   
   






               
          
          








   
   
   
   
    
 (3.1.24)   
where                 
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After choosing the elements of the current vector as the state variables and the 
lengthy calculations given in Appendix A, the simplified state space model can be 
presented as (3.1.25) where            
   and              
 
 






   
   
   










   
  
   




   
  
   




    
   
   







   
   
   











   
   
 
 















      
  
  
   
   
    
  
    
  
  




   
   
   
  
      
 
  
          
  
  




     
   
  
                 
    
  
              
  
  




        
  
  
     
   
  
        
 
  
















   
   
   
   
   (3.1.25) 
The comparison of the state space models developed in this thesis and [55] shows 
that the denominator of the each element in the third row of the both matrices A and 
B, are different from each other. The term    in the denominator in [55] has been 
replaced by the term    in this thesis. In order to determine the accuracy of the 
model given in (3.1.25), some tests are carried out and the simulation results are 
compared with the experimental results. Due to the satisfactory agreement between 
those two results, (3.1.25) is considered as the accurate state space model of the 
newly developed single-phase induction generator. The dynamic equations formed 
for this state space model are used for future developments presented in this thesis.      
The development of an equivalent circuit is important to gain a better understanding 
of the single-phase operation of a three-phase induction generator which has not been 
reported yet in the literature. In order to develop the equivalent circuit of the single-
phase induction generator, the derived dynamic equations are arranged to form a 
circuit diagram as described in the next section.  
3.2 Dynamic Equivalent Circuit in Stationary αβ Reference Frame 
Stator and rotor voltages defined in (3.1.21) and (3.1.22) can be re-written as (3.2.1) 
- (3.2.4). 
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 (3.2.4)  
Equations (3.2.1) and (3.2.3) represent the stator and the rotor voltages in the α-axis 
respectively. In both the equations, the air-gap voltage is given by      
 
  





     . Similarly (3.2.2) and (3.2.4) represent the stator and the rotor voltages in β-
axis respectively. The air-gap voltage of the stator winding is equal to       
 
  





     . However, the air-gap voltage in the rotor winding is equal to      times 
that of the stator winding. In order to form the same air-gap in both the windings, 
(3.2.4) is multiplied by     and given by (3.2.5).  
       
 
  





                        
 
 
                        
 
  
        
 (3.2.5) 
After substituting              
  and               
  in (3.2.1)-(3.2.3) and 
(3.2.5), they can be re-written as in (3.2.6)-(3.2.9). 
             
 
  
       
 
  
             (3.2.6) 
               
 
  
        
 
  
            (3.2.7) 
     
 
  
                             
 
  
          
 
 
       
 
 
   
 
  
       
 (3.2.8) 
      
 
  
                             
 
  
                      
 
  
         
 (3.2.9) 
Equation (3.2.6) together with (3.2.8) represents the stator and rotor voltages in the 
α-axis with the same air-gap voltage of      
 
  
          . Similarly, (3.2.7) and 
(3.2.9) represent the stator and rotor voltages in β-axis with the same air-gap voltage 
of      
 
  
           . Therefore, the rotor quantities can be referred to the stator 
across the air-gap voltage. Since the frequencies of the stator and rotor components 
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are the same in the stationary ‘αβ’ frame, the rotor elements can be referred to the 
stator with its own frequency. The equivalent circuit resulting from (3.2.6)-(3.2.9) is 














Fig.  3.2.1. Equivalent circuit of single-phase generator (a) α-axis (b) β-axis 7 
where; 
                 
          
       (3.2.10)  
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      (3.2.12) 
In phase ‘α’, the resistance and the leakage inductance of the stator is the same as per 
phase resistance and leakage inductance of a standard three-phase machine. Resistance 
and leakage inductance of the rotor and mutual inductance are 2/3 of the 
corresponding per phase values of a standard three-phase machine. However, voltages 
across the resistors and inductors remain the same since the rotor current is multiplied 
by 3/2. In phase ‘β’ where two stator windings are connected in series to form one 
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In the above figure, the magnetizing characteristic of the machine is represented by a 
linear inductance. However, due to the single-phase operation of the three-phase 
induction machine, it is important to consider the non-linear effect of magnetizing 
inductance in the saturated region. Therefore, the magnetizing inductance must be 
represented by a non-linear inductance matching the non-linear region of the measured 
magnetizing characteristic. Also, it is important to include the core losses for accurate 
modelling of the induction generator. In this thesis, core losses are modelled by 
constant resistors which are parallel to the mutual inductances of each phase of the 
machine. The core loss resistance of phase 'α’ is considered as    and that of phase ‘β’ 
is considered to be twice that of   . Thus, the comprehensive dynamic model and the 
equivalent circuit of the single-phase induction generator are developed in the next 
section to take into account both magnetic saturation and core losses which is not 
reported in the literature. 
3.3 Comprehensive Dynamic Model and Equivalent Circuit in Stationary 
‘αβ' Reference Frame 
When the core resistance is connected in parallel with the magnetizing inductance of 
each phase, currents through the magnetizing inductance i.e.     and     defined in 
(3.1.7) can be modified as (3.3.1). 
                                (3.3.1) 
Thus, using (3.1.8) and (3.1.9), the magnetizing air-gap fluxes of stator and rotor of a 
three-phase induction machine can be defined as (3.3.2) and (3.3.3) respectively. 
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Since the ratio of machine stator to rotor turns is considered as 1:1,    ,    ,     and 
   are equal and considered as    for simplicity. As the magnetizing characteristics 
are non-linear in nature, in order to find out     of the induction machine used for 
the experimental verification, the magnetizing air-gap flux was plotted against the 
magnetizing current and these results are approximated using separate equations as 
discussed in Appendix B. [128].  
After following all the steps described from (3.1.10) to (3.1.20), the stator and rotor 
voltages of the comprehensive model which had taken into account the core loss 
resistance and magnetic saturation in the stationary ‘αβ’ reference frame can be given 
by (3.3.4) and (3.3.5) respectively.  
 
   
   
     
  
  
   
   
   







   
   







    
    











    
    






    
   
   




   
   
         
  
   
   
   








    




       
  
   
   
    
    
  
     
  





    
    
         
   
   
  
    
    
   (3.3.5) 
By multiplying the second row of (20) by   and substituting        
      
  ,                
  ,               
  and                 
  in (3.3.4)-
(3.3.5), they can be re-written as in (3.3.6)-(3.3.7). 
 
   
   
     
  
  
   
   
   







   
   







   
   










   
   
 
   









   
 
   







   




       
  
   
   
   
 
   
            
  
   
   
   
   
   (3.3.7) 
where;              
   and              
    
Replacing the mutual inductance of α-axis i.e.     by    and the mutual inductance 
of the β-axis i.e.      by    , (21) and (23) can be re-written as (3.3.8)-(3.3.11). 
             
 
  
       
 
  
     (3.3.8) 
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           (3.3.11) 
Air-gap voltages in the α-axis and β-axis can be given by (3.3.12)-(3.3.13) 
respectively.  
        
 
  
             (3.3.12) 
        
 
  












Fig.  3.3.1. Comprehensive dynamic equivalent circuit of single-phase generator (a) α-
axis (b) β-axis 8 
From (3.3.1), (3.3.12) and (3.3.13), the currents through the air-gap in α-axis and β-
axis can be defined as (3.3.14)-(3.3.15) respectively. 
           
  











  𝛼 ′ 
 𝑠 
 𝑠  +   𝛼 ′ 






 𝑙  2
3
   
 𝑠  
 𝑙𝑠  
        1 
1
 3
    𝛽
′  
 𝑠  
         
  1 
- 
+ 
   𝛽 ′ 
2 𝑠 
 𝑠𝑜  +   𝛽 ′ 
  𝛽 ′ 
  
 
2 𝑙  2   
 𝑠𝑜  
2 𝑙𝑠  
        2 
 3    𝛼
′  
 𝑠𝑜  
      2   





            
  
   




      (3.3.15) 
The schematic diagram of the comprehensive equivalent circuit in the α-axis and β-
axis resulting from (3.3.8)-(3.3.11) and (3.3.14)-(3.3.15) is illustrated in Fig.  3.3.1. 
where 
   
     𝑙   𝛽
       𝑜   (3.3.16)  
   
   
 
 
      
            (3.3.17) 
3.4 The Load and the Excitation Capacitors 
Since this single-phase induction generator is operated as a stand-alone generator to 
supply electricity for an isolated community, the most common uses of electricity may 
be for lighting and heating. Therefore, the consumer load can be considered as a single 
series RL load with a lagging power close to unity.  For the simulations performed to 
demonstrate the operation of ECS, a series RL load is connected as the consumer load 
at the output winding. However, for the dynamic and steady-state analysis presented in 
this thesis, a single resistive load is used for reasons of practicality in laboratory 
experiments.  
The fixed excitation capacitor connected in parallel with the consumer load is 
considered as an ideal capacitor. The electrical circuit of the model of load and 











 𝑜   𝑠𝑜  
 𝑜  
 𝑜  
 𝑠𝑜  
   
 𝑜  
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The voltage across RL load is the sum of voltage across the resistive load Ro and the 
inductive load Lo and can be defined as 
            
 
  
    (3.4.1) 
The current through the fixed capacitor Co can be defined as the product of the 
capacitance and the time derivative of the output voltage. 
      
 
  
     (3.4.2) 
The addition of    and    is equal to the negative value of the single-phase output 
current      which can be defined as (3.4.3). 
                       (3.4.3) 
In the case of ideal resistive load, the current through the load can be given as 
   
   
  
  (3.4.4) 
Using (3.4.2)-(3.4.4), the relationship of output winding voltage and current can be 
given by (3.4.5). 
          
 
  
     
 𝑠𝑜
 𝑜
          (3.4.5) 
3.5 The Electromagnetic Torque 
The instantaneous electromagnetic torque of an electrical machine in terms of vector 
quantities can be defined as  






         
      (3.5.1) 
Using (3.1.5), the space vector of the linked fluxes is the sum of the space vectors of 
leakage fluxes and magnetizing fluxes in the air-gap of the machine. 
             (3.5.2) 
Considering the stator phase ‘a’ of a three-phase electrical machine is as the real axis, 
the instantaneous leakage fluxes in three phases can be given in terms of vector 
quantities as (3.5.3)-(3.5.5). 
             (3.5.3) 
         
 
 
   
  
 
        (3.5.4) 
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         (3.5.5) 
The space vector of the leakage fluxes is equal to 2/3 of the sum of the above three 
vectors as given by (3.5.6). 
    
 
 
          
 
 
   
  
 
           
 
 
   
  
 
           (3.5.6) 
Similarly, the space vector of the magnetizing fluxes can be given as (3.5.7). 
    
 
 
          
 
 
   
  
 
           
 
 
   
  
 
           (3.5.7) 
As the instantaneous current through the leakage inductance is equal to the stator 
current in each phase, the current vector related to the leakage fluxes can be defined 
by (3.5.8). 
     
 
 
         
 
 
   
  
 
          
 
 
   
  
 
         (3.5.8) 
However, due to the core loss resistance connected in parallel with the magnetizing 
inductance, the instantaneous stator current through the magnetizing inductance is 
reduced by the current through the core loss resistance. Assuming that the total 
current through the core loss resistance is equal to the current supplied by the stator, 
the related current vector of the magnetizing fluxes can be given as (3.5.9).   
    
 
 
         
 
 
   
  
 
          
 
 
   
  
 
        
 
 
         
 
 
   
  
 
          
 
 
   
  
 
         (3.5.9) 
In order to determine the space vectors of currents of the single-phase induction 
generator,   ,      and      are substituted by (3.1.8) and (3.1.7) respectively. The 
resulting vectors are given by (3.5.10) and (3.5.11). 
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 (3.5.11) 
In terms of real and imaginary components, the electromagnetic torque can be given 
by (3.5.12) as discussed in the Appendix A. 






                                             (3.5.12) 
Real and imaginary components of current vector in (3.5.10) can be given by (3.5.13) 
and (3.5.14) respectively. 
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    (3.5.13) 
     
 
  
    (3.5.14) 
Similarly, real and imaginary current components of (3.5.11) can be given as (3.5.15) 
and (3.5.16) respectively. 
     
 
 
          (3.5.15) 
     
 
  
          (3.5.16) 
When the complex equation in (3.5.6) represents the leakage flux vector is separated 
into real and imaginary components       and      can be defined as (3.5.17) and 
(3.5.18) respectively. 
     
 
 
       
 
 
      
 
 
                                                                           (3.5.17) 






      
  
 
       (3.5.18) 
Similarly, the real and imaginary components of mutual flux vector in (3.5.7) can be 
given by (3.5.19) and (3.5.20) respectively. 
     
 
 
       
 
 
      
 
 
                                                                           (3.5.19) 






      
  
 
       (3.5.20) 
When the three phase quantities of rotor currents are transformed into two phases 
using the Park transformation and appropriate substitutions, three fluxes of the 
phases a, b and c of the stator given in (3.1.4) can be re-written as (3.5.21). 
 
   
   
   
      
  
  
   
  
   
   
   




   
 
 




    
 
 
   
   
   
   
   
   
 
   
    
   
   
    (3.5.21) 
Thus, leakage and mutual fluxes can be written as (3.5.22) and (3.5.23) respectively. 
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     (3.5.23) 
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Using (3.5.13)-(3.5.20) and (3.5.22) - (3.5.23) and matrix calculations given in 
Appendix A, instantaneous electromagnetic torque given in (3.5.12) can be 
represented by four quantities of currents as 
    
 
 
               
      
 
 
           
        (3.5.24) 
3.6 The Wind Turbine 
In the simulations carried out to study the operation of the ECS, an unregulated wind 
turbine is employed as the prime mover. It is assumed that during the operation of 
the ECS, the wind flow is constant for a given wind speed. Therefore, the transients 
are not expected due to changes in turbine input conditions. However, the effect of 
changing the turbine input can be studied as a change in a system parameter. Since, 
in this ECS, the prime mover is not regulated by the system, it will extract the 
maximum power available in the wind at a certain point. The power extracted by a 
wind turbine from the wind is determined by the power coefficient of the turbine 
which is a function of TSR and represented by a higher order polynomial. The 
relationship between the output power of the turbine and the power coefficient can be 
given by (3.6.1) [145]. 
   
 
 
      
          (3.6.1) 
The torque of the wind turbine can be obtained by dividing the turbine output power 
by the angular speed of the turbine. Thus, the turbine torque can be given as 
   
 
 
      
            (3.6.2) 
where    
  
   
          (3.6.3) 
In order to extract the maximum power available in the wind, the turbine should be 
operated at the peak of the power-speed characteristic curve. However, most of the 
wind turbines are operated after the peak region where the slope of the curve is 
negative. When a gear ratio is applied in between the turbine and the rotor, the 
torque-speed characteristics of the wind turbine for different wind speeds can be 
shown in Fig. 3.6.1 [145].  
In a characteristic torque-speed curve, the region after the optimal torque point can 
be approximated by a straight line with a negative slope. In order to make the 
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analysis easier, the approximated line is used as the torque of the wind turbine in this 
thesis.     
Therefore, the torque for a given speed of the rotor can be determined by 
          (3.6.4) 
If the negative slope   and any point on the straight line represents the torque-speed 
characteristics of the rotor is known, the torque at any given speed can be calculated 
by 
                   (3.6.5) 












Fig.  3.6.1. Torque-speed characteristics of a wind turbine 10 
 
Since all the dynamic equations derived for the single-phase generator are based on 
the conventional notations of a standard three-phase induction motor, the equation of 
motion is also defined assuming the electrical machine is operating as a motor. Thus, 
the equation of the motion of the induction machine can be given by 
       
 
  
          (3.6.6) 
 




































Using (3.5.24) and (3.6.5), the equation of motion of electrical machine can be given 
as (3.6.7). 






    
 
 
      
 
 
               
      
 
 
           
        (3.6.7) 
3.7 The Model of the Combined System 
By combining the dynamic equations derived for each component of the ECS in 
preceding sections, (3.3.8) together with (3.3.9) - (3.3.11), (3.3.14) - (3.3.15), (3.4.1)-
(3.4.3) and (3.6.7) describes the comprehensive dynamic model of the single-phase 
induction generator employed a three-phase cage rotor machine. Considering 
          
    
             
 
 is as the state vector, the state space 
model can be given as  
 
  
                (3.7.1) 
where               and            .    ,    and   are defined as below. 
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There are only eight variables to be determined using the given eight equations. 
Using (3.6.7), the speed of the rotor can be determined. Thus, (3.7.1) and (3.6.7) are 
solved together to determine the system performance under any given operating 
condition. This newly proposed model is used for all the future developments 
presented in this thesis.    
3.8 The Steady-state Model and Equivalent Circuit in Stationary αβ Reference 
Frame 
The dynamic equations derived in the preceding section can be used to predict the 
system performance both in the transient and the steady-states. However, steady-state 
results can be obtained after an initial transient period. This becomes inconvenient 
for the specific purpose of steady-state analysis. Therefore, using (3.3.8)-(3.3.15), 
(3.4.1) and (3.4.2) the steady-state model where the resulting state variables are 
constant is derived to avoid this inconvenience. Since the dynamic model is derived 
in a stationary reference frame, the harmonic balance technique is applied to the 
above equations in order to derive the steady-state model [146-147]. 
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     (3.8.10) 
where;  
                    (3.8.11) 
                     (3.8.12) 
Considering the angular speed of generated voltage at the inverter output is   , the 
state variables in (3.8.1)-(3.8.10) are multiplied by       and then added to the right 
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            (3.8.22) 
At the steady-state, the time derivatives of the state variables in the differential 
equations become zero. Therefore, the steady-state equations resulting from 
equations (3.8.13) to (3.8.22) can be written as (3.8.23) to (3.8.32). 
                              (3.8.23) 




     
      
 
 
      
          
 
  




        
             
                 
   (3.8.26) 
                       (3.8.27) 
                         (3.8.28) 
            
   
         
  
                 (3.8.29) 
            
   
         
   
   (3.8.30) 
                  (3.8.31) 
             (3.8.32) 
Steady-state equations together with the algebraic equations (3.4.3) and (3.4.4) 
describe the steady-state behaviour of the single-phase induction generator. The 
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CHAPTER 4- COMPUTATIONAL 
TECHNIQUES FOR STEADY-STATE  
4.1 Introduction 
The steady-state model of the single-phase induction generator has not been reported 
in the existing literature. Therefore, the study of the system performance of this 
generator configuration in steady-state has never been discussed. One of the main 
objectives of this research program is to study the system performance in steady-state 
for a given set of operating parameters. In order to do so, it is essential to develop a 
computational technique which can be used to calculate the values of system 
variables in steady-state for a given set of operating parameters. This computational 
technique should capable of calculating the values of system variables using the 
derived steady-state equations of the single-phase induction generator presented in 
the preceding chapter.  
In the first part of this calculation procedure, fixed capacitance, consumer load and 
rotor speed are considered as the given operating parameters. The voltage of the 
output winding is considered as a known system variable since it is the desired 
voltage of the generator. Using the developed steady-state equations, other system 
variables are defined as a function of output voltage for a given set of operating 
parameters.  Once the output voltage is selected, all the system variables can be 
calculated using the derived expressions. This computational technique is based on 
the developed steady-state equivalent circuit of the single-phase induction generator 
in the α–axis and β–axis presented in Section 3.8. As discussed in Section 3.1, the 
excitation control and the output windings of the generator can be represented by α–
axis and β–axis respectively. Thus, adding the excitation circuit to the α–axis and the 
load circuit to the β-axis, the steady-state equivalent circuit of the single-phase 
generator is shown in Fig. 4.1.1. In the calculations, the non-linear nature of the 
magnetizing characteristics of both the windings in the saturated region is taken into 
account to increase the accuracy of the theoretical results. Although the speed of the 
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prime mover depends on the generator load, in these calculations, the speed of the 
rotor is considered as a given operating parameter.  
In order to consider the effects of the prime mover on the generator performance, the 
torque-speed characteristics of the prime mover are included in the equations 
described in the second part of the calculation procedure. Similar to the previous 















Fig.  4.1.1 Steady-state equivalent circuit of single-phase generator (a) α-axis (b) β-
axis 12 
 
Finally, a method is developed to calculate the operating parameters required to 
obtain a given system performance using the steady-state equivalent circuit of the 
single phase induction generator in α–axis and β–axis. Similar to the previous 
sections, these operating parameters are dependent on the output winding voltage. 
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the consumer load, and the rotor speed can be calculated for a given power factor of 
the load.      
4.2 Computation of system variables for given rotor speed  
Since the operating parameters are connected to the output winding of the induction 
generator, the computational process is started from the equivalent circuit in the β-
axis. Using the steady-state equations presented in section 3.8, the system variables 
in steady-state can be calculated for a given set of operating parameters using the 
fourteen steps described below. 
 Step 1: 
Considering the current balance in (3.4.3), the equivalent resistance and inductance 
of the load circuit shown by the broken lines in Fig. 4.1.1 (b) can be given by (4.2.1) 
and (4.2.2) respectively. 
    
   
  𝑜
  𝑜
    𝑜    
 
 
  (4.2.1) 
    
    𝑜
   𝑜  𝑜     
  𝑜
    𝑜    
 
 
  (4.2.2) 
where     and     are defined as below.   
         (4.2.3) 
   
 
   𝑜
   (4.2.4) 
Thus the output winding current can be expressed in terms of the equivalent 
resistance and inductance as (4.2.5).  
      
 
        
             (4.2.5) 
 
Step 2: 
By substituting for                in (3.8.24) from (3.8.28), output winding voltage 
can be re-written as, 
                           (4.2.6) 
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In order to calculate the magnetizing voltage     in output winding for the given set 
of operating parameters, the calculated output winding current in (4.2.5) can be 
substituted in (4.2.6). The resulting magnetizing voltage can be given by (4.2.7). 
                       (4.2.7) 
where the unitless variables      and      of (4.2.7) can be given as,   
        
   𝑠       𝑙𝑠    
    




     
   𝑠       𝑙𝑠    
    
     
 
 
   (4.2.9) 
Thus, the magnitude of the magnetizing voltage in β–axis can be written as, 
                         (4.2.10) 
 
Step 3: 
Using the magnetizing characteristics curve, the magnetizing inductance    can be 
expressed as the ratio of magnetizing flux    and magnetizing current    as 
   
  
  
  (4.2.11) 
Using the per unit steady-state relation, the magnetizing flux is the ratio of 
magnetizing voltage    and the angular frequency of the magnetizing current     as 
given in (4.2.12): 
   
  
  
  (4.2.12) 
The magnetizing inductance is given by (4.2.13): 
   
  
    
    (4.2.13) 
The magnetizing characteristic of the machine has been approximated by three 
separate equations as discussed in the Appendix B. In the first linear region, the 
magnetizing inductance is independent of the magnetizing current and can be given 
as a constant. In the second linear region and the saturated region, the magnetizing 
currents of the machine can be approximated by (4.2.14) and (4.2.15) respectively. 
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            (4.2.14)    
        
 
 
      
 
  
                (4.2.15) 
where    ,      ,   and   are constants used to obtain the best approximated curve 
for the measured magnetizing characteristics of the machine. Thus, from (4.2.12) and 
(4.2.13), the magnetizing inductance for the two different regions can be given by 
(4.2.16) and (4.2.17) respectively: 
   
 𝑙  
        
    (4.2.16) 
   
  
     𝑜  
 
 
       
 𝑙
         𝑜    
  (4.2.17) 
Since magnetizing voltage of the output winding      is calculated from (4.2.10), the 
magnetizing inductance in β-axis      can be obtained by substituting for the 
constant of the above equations as given in the Appendix B.  
  
Step 4: 
Substituting for           and the calculated value of     from (4.2.7) in 
(3.8.28), currents through the core loss resistance and mutual inductance can be 
calculated as 
     
            
   
       (4.2.18) 
    
            
    
       (4.2.19) 
Substituting the calculated system variables     ,     and     and (3.8.28) in the 
current balance equation in (3.8.30)  , rotor current in β–axis,    
  can be calculated 
as (4.2.20): 
   
                    (4.2.20) 
where variables      and inductance       with unit     as given as  
     
    
   
 
    
   
 
   
    
     
  
   (4.2.21) 
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  (4.2.22) 
 
Step 5: 
Thus, from (3.3.17), (3.8.26) - (3.8.28), the rotor current in α-axis    
  can be 
expressed as a function of the magnetizing voltage in excitation control winding     
as (4.2.23). 
   
    
  
      
                     
   
    
       
   (4.2.23)  
Substituting for            ,        and    
 
 in (3.8.25) from (3.8.27), (3.8.28) and 




               
      
 
  
          
  
   
   
  (4.2.24) 
Substituting from (4.2.23) in (4.2.24) and after a lengthy manipulation, it leads to a 
single equation with only one unknown   .     can be calculated by (4.2.25):  
                   
                   (4.2.25) 
where the equivalent components are defined as 
      
    
  𝑙 
    
  (4.2.26) 
      
      
   𝑙 
 
       
   
      
   (4.2.27) 
      
 𝑙    
    
  
      
   (4.2.28) 
      
  
    
   (4.2.29) 
Substituting for    
  and     in (4.2.25) from (4.2.20) and (4.2.7) respectively, the 
magnetizing voltage in α–axis can be expressed as a function of output voltage as 
                      (4.2.30) 
where variables      and      are defined as 
                                              (4.2.31) 
                                              (4.2.32) 
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Thus, the magnitude of the magnetizing voltage in α–axis can be calculated by 
(4.2.33): 
                            (4.2.33) 
Using (4.2.16) and (4.2.17) and the appropriate substitutions described in Appendix 
B, the magnetizing inductance in excitation control winding     can be determined. 
 
Step 6: 
Using (3.8.27) and substituting for             , currents through the core loss 
resistance and mutual inductance in α-axis can be calculated by (4.2.34) and (4.2.35) 
respectively: 
     
            
  
       (4.2.34) 
    
            
    
       (4.2.35) 
 
Step 7: 
Substituting for    
  ,     and     from (4.2.20) , (4.2.7) and (4.2.30) respectively in 
(4.2.23), the rotor current in α–axis can be calculated by 
   
                   (4.2.36) 
where variables       and       are given by (4.2.37) and (4.2.38) respectively: 
     
  
   
 
                   
  
 
    
   
 
      
   
    (4.2.37) 
     
  
   
 
                  
  
 
    
   
 
      
   
   (4.2.38) 
 
Step 8: 
Using the current balance equation in (3.8.29), stator current in the excitation control 
winding      can be calculated by (4.2.39): 
                                     (4.2.39) 
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where the variables of the equation are given as 
     
    
   
 
    
  
       (4.2.40) 
     
    
  
 
    
   
        (4.2.41) 
 
Step 9: 
As the last step in the calculation of generator variables, the excitation control 
voltage     can be calculated using (3.8.23): 
                     (4.2.42) 
The variables of the equation are defined as 
                              (4.2.43) 
                              (4.2.44) 
 
Step 10: 
Using steps 1-9, generator variables have been defined in terms of output voltage for 
a given set of operating parameters. In this step, the resistive losses of the generator 
are calculated. The resistive losses due to the stator, rotor and core loss resistances in 
α-axis and β-axis can be expressed by (4.2.45)-(4.2.50):  
   
       
   
    
     
 
 
   
   (4.2.45) 
   
      
    
      
 
   
   
      (4.2.46) 
   
               
      
     
    (4.2.47) 
   
   
 
 





     
      
     
   (4.2.48) 
   
     
     
      
  
  
   
     (4.2.49) 
   
            
      
     
                   (4.2.50) 
Therefore, the total resistive losses can be given by (4.2.51): 
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      𝑠 
   𝑠  (4.2.51) 
In order to simplify this expression, it can be re-written as 
                   
   (4.2.52) 
where constant          is defined by, 
        
   
    
     
  
 
    
      
 
   
         
      
   
 
 
       
      
   
     




       
      
    (4.2.53) 
 
Step 11: 
The active power consumption at the output winding can be given as 
        
       (4.2.54) 
From (4.2.1) and (4.2.5), output power can be expressed in terms of output voltage as 
      
 
    





   
   
           
 𝑠𝑜
   (4.2.55) 
 
Step 12: 
The active power stored through the excitation control winding is given by 
         𝑠    𝑠   (4.2.56) 
where      is the power factor of the excitation control winding. 
Substituting for     and      in (4.2.56) from (4.2.39) and (4.2.42) respectively: 
          
      
         
      
     𝑠   𝑠𝑜
 
  (4.2.57) 
 
Step 13: 
Considering a small-scale wind turbine as the prime mover, the input mechanical 
power of the generator can be given as  
                       (4.2.58) 
55 
 
where the parameters of the equation are as given in the Appendix C.  
 
Step 14: 
The active power balance is considered as the last step of the computational 
procedure.  
If the input mechanical power is greater than what is required at the output and the 
resistive losses, the additional power is stored in the ESS through the excitation 
control winding. This can be written as    
               𝑙𝑜𝑠𝑠  (4.2.59) 
If the input mechanical power is not sufficient to supply the consumer demand, the 
deficit active power is supplied by ESS. This can be expressed by 
               𝑙𝑜𝑠𝑠  (4.2.60) 
The equations above have been derived based on the assumption that the rotor speed 
   is known. However, a computational technique needs to be developed to calculate 
the values of system variables for a given set of operating parameters when the rotor 
speed depends on the consumer load. This procedure is discussed in the next section. 
4.3 Computation of system variables for load-dependant rotor speed  
The steps from 1 to 4 in the computational techniques described in section 4.2 are 
independent of the rotor speed     . Thus, in steady-state, the system variables in the 
β-axis do not depend on the rotor speed. However, the system variables in the α-axis 
depend on the speed of the prime mover. Therefore, the computational methods used 
to calculate the system variables in steady-state, described in steps 5 to 9 in section 
4.2 are re-arranged as steps 1 to 5 in the first part of this section.  
  
Step 1: 
As described in step 5 in section 4.2, the magnetizing voltage in α-axis can be written 
as 
                   
                   (4.3.1) 
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where the equivalent components are defined as 
      
    






      
      
 
    
     
     
  
 
    
   
 




  (4.3.3) 
      
   
    
     
     
 




  (4.3.4) 






  (4.3.5) 
Substituting for    
  and     in (4.3.1) from (4.2.20) and (4.2.7) respectively, the 
magnetizing voltage in the α–axis can be expressed as a function of output voltage 
and rotor speed as 
      
  
  
         
  
  
             (4.3.6) 
where constants     ,    ,    and    are defined as 
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       (4.3.7) 
    
   
    
       
      
 
    
       (4.3.8) 
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       (4.3.9) 
    
      
 
    
       
   
    
       (4.3.10) 
Since the magnetizing voltage is dependent on the rotor speed    which is not yet 
calculated, the magnetizing inductance cannot be determined using the magnetizing 
characteristics curve. However, in (3.3.9), the magnetizing inductance in the β-axis 
    is equal to       . Similarly from (3.3.8), the magnetizing inductance in the α-
axis     is equal to      . Therefore     can be approximated as one third of    .  
     
 
 
     (4.3.11) 
Step 2: 
Using (3.8.27) and substituting for            , currents through the core loss 
















              (4.3.12) 
     
 




        
 




              (4.3.13) 
 
Step 3: 
Substituting for    
  ,     and     from (4.2.20) and (4.2.7) and (4.3.6) respectively 
in (4.2.23), the rotor current in α–axis can be calculated by 
   
    
  
  
         
  
  
            (4.3.14) 
where constants    ,     ,    and     are given in (4.3.15) - (4.3.18) respectively. 
   
  
   
                   
    
 
   
 
      
      (4.3.15) 
     
 
      
      (4.3.16) 
   
  
   
                  
    
 
   
 
      
     (4.3.17) 
    
 
      
      (4.3.18) 
 
Step 4: 
Using the current balance equation in (3.8.29), stator current in the excitation control 
winding      can be calculated by (4.3.19). 
      
  
  
          
   
  
                             (4.3.19) 
where the constants of the equation     ,     ,     and     are given as 
   
  




     (4.3.20) 
    
  




      (4.3.21) 
     
  




     (4.3.22) 
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      (4.3.23) 
 
Step 5: 
As the last step of calculating generator variables, the excitation control voltage     
can be calculated using (3.8.23). 
      
   
  
          
   
  
             (4.3.24) 
The constants of the equation are defined as 
                        (4.3.25) 
                         (4.3.26) 
                        (4.3.27) 
                         (4.3.28) 
All the system variables in the α-axis are defined in terms of output winding voltage 
and rotor speed. Thus, for a specified output winding voltage, any system variable 
can be calculated if the rotor speed is known. Steps 6 to 9 present the computational 
procedure that can be used to calculate the rotor speed.  
 
Step 6: 
In this step, the resistive losses of the generator are calculated. The resistive losses in 
the β-axis can be given as the sum of (4.2.45) – (4.2.47) as  
             
   
   
     
    
    
      
 
   
           
      
       
   (4.3.29) 
Substituting the values of each parameter, the resistive losses in β–axis can be 
calculated as an integer. 
However, the resistive losses in the α-axis depend on the speed of the rotor. The 
resistive losses due to the stator, rotor and core loss resistances in the α-axis can be 
given by (4.3.30)-(4.3.32) respectively.  
   
         
  
  
       
 
  
   
  
       
 
    
                   (4.3.30) 
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   (4.3.31) 
   











      
 
    
     (4.3.32) 
Therefore, the total resistive losses in the α-axis can be given by (4.3.33): 
                       
   (4.3.33) 
where            is a rotor speed dependant variable which can be expressed as 
              
  
  
       
 
  
   
  





    
  
  



















      
 
  (4.3.34) 
Equation (4.3.34) can be further simplified as 
          
  
   
     
      (4.3.35) 
where constants        and    are defined as 
    𝑠   
     
   
 
 
     
    
   
 
  
   
    
    (4.3.36) 
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    (4.3.37) 
     𝑠               
 
 
              
 
  
             (4.3.38) 
 
Step 7: 
Using (4.2.55), the real power generation at the output winding can be given as 
      
 
    





   
   
           
 𝑠𝑜
   (4.3.39) 
For a specified output voltage, the real power at output winding can be calculated by 
substituting the values of given operating parameters. 
Step 8: 
The active power absorb by the excitation control winding is given by 
            𝑠 
    (4.3.40) 
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Substituting for     and      from (4.3.24) and (4.3.19) respectively in (4.3.40), the 
real power in excitation control winding can be expressed as a function of rotor 
speed as in (4.3.41): 
     
  
   
     
      𝑠𝑜
 
  (4.3.41) 
where constants can be defined as 
                 (4.3.42) 
                   (4.3.43) 
                                (4.3.44) 
Step 9: 
In order to achieve the real power balance in the system, the input mechanical power 
can be equal to the sum of the real power at both excitation control and output 
windings and the resistive losses of the machine. Thus, substituting from (4.2.58), 
(4.3.29), (4.3.33), (4.3.39) and (4.3.41) in (4.2.59), the real power balance equation 
of the generator system can be given by a quartic equation as, 
  
      
      
       (4.3.45) 
where the constants are defined as follows: 
                               
                (4.3.46) 
              
                            
                (4.3.47) 
              
             
                 (4.3.48) 
Solving (4.3.45), the rotor speed can be obtained by 






                   
   
 
 
   
    








     
 (4.3.49) 
where    and   denote either + or -. At    the sign should be same.   is a root of 
the cubic equation in (4.3.50). 
         
   
 
 
         





       




   
 
   
     








      
 (4.3.50) 
Of the four possible solutions, the results with the complex values can be ignored as 
the rotor speed of a real generator should be an integer. Also, the solution with the 
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negative sign is not meaningful. Therefore, the solution with a positive integer can be 
selected as the rotor speed of the induction generator. 
Using the computational techniques presented in this section, all the system variables 
including the rotor speed can be calculated. The simulation results obtained using 
both the techniques are compared with the corresponding experimental results and 
are presented in Chapter 6 together with the steady-state analysis of the single-phase 
generator system. 
4.4 Computation of operating parameters  
The computational techniques to calculate the values of system variables in steady-
state for a given set of operating parameters were discussed in the preceding sections. 
However, as a pre-requisite, the operational range of the operating parameters should 
be determined for the safety of the generator system. Therefore, it is necessary to 
calculate the minimum values of the operating parameters required to generate the 
desired voltage at the output winding. A computational method to compute these 
operating parameters is important not only for the steady-state analysis, but also for 
designing and operating a practical renewable energy generation scheme. Such a 
method is not presented in the literature. The computational method described in this 
section is based on the steady-state equations of the single-phase induction generator 
presented in section 3.8. The operating parameters, i.e. load resistance, load 
inductance, fixed capacitance, rotor speed and power factor at the excitation control 
winding are calculated in order to achieve the phase balancing of the generator 
system. 
Similar to (3.5.3)-(3.5.5), considering the stator phase ‘a’ of a three-phase electrical 
machine as the real axis, the instantaneous voltages in three phases can be given in 
terms of vector quantities as 
           (4.4.1) 
        
 
 
   
  
 
       (4.4.2) 
         
 
 
   
  
 
        (4.4.3) 
Using (3.1.13) and (3.1.14), instantaneous voltages in single-phase arrangement of 
three-phase induction generator can be given as 
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           (4.4.4) 
       
 
 
            
  
 
            (4.4.5) 
Since the voltages in each phase of a balanced three-phase machine are equal in 
magnitude, (4.4.4) and (4.4.5) can be re-written as 
        (4.4.6) 
             (4.4.7) 
Thus, the magnitude of voltages in excitation control winding and output winding 
can be obtained by (4.4.8) and (4.4.9) respectively. 
           (4.4.8) 
              (4.4.9) 
Similar to (4.4.1) – (4.4.3), the instantaneous currents in a standard three-phase 
induction machine can be written in vector quantities as 
           (4.4.10) 
        
 
 
   
  
 
       (4.4.11) 
         
 
 
   
  
 
        (4.4.12) 
Using (3.1.12) and (3.1.11), the instantaneous currents in excitation control and 
output windings of single-phase induction machine can be written as (4.4.13) and 
(4.4.14) respectively: 
           (4.4.13) 
     
 
 
    
 
 
   
  
 
         
 
 
   
  
 
        (4.4.14) 
Considering the magnitude of the current in each phase of three-phase machine is as   
 , (4.4.13) and (4.4.14) can be re-written as 
         (4.4.15) 
      
  
 
   (4.4.16) 
Thus, the magnitude of the currents in each phase of single-phase machine can be 
obtained by 
           (4.4.17) 
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   (4.4.18) 
The desired voltage at the output is equal to the rated voltage          of the three-
phase machine. In order to achieve the voltage balance in the single-phase induction 
generator, the excitation control winding voltage can be calculated as             
using (4.4.8) and (4.4.9). The fixed capacitance connected at the output winding 
supplements the reactive power requirement of the generator in order to keep the 
excitation control winding current below the rated value of the machine. Therefore, 
the maximum current in the excitation control winding should be the rated current of 
the machine which is given as         . Thus, in a balanced system, the magnitude of 
the current in output winding can be calculated using (4.4.17) and (4.4.18) as 
       
  
 
        (4.4.19) 
In the first part of this section, the computational procedure is described for a unity 
power factor load i.e. ideal resistive load. In the second part of this section, the 
calculations are extended for an RL load with a known power factor. The calculation 
procedure is described in the twelve steps below. 
Step 1: 
Fig.  4.4.1 shows the equivalent circuit of single-phase generator in the α-axis and β-
axis with an ideal resistive load. Since the operating parameters of the load circuit 
connected to the β-axis are unknown, the computational procedure is started from the 
α-axis.  
The magnitudes of current and voltage in excitation control winding are given as 
       and            respectively. The excitation control voltage is considered as 
the reference phase and the excitation control winding current is considered to be 
lagging the reference phase by angle    .  
To simplify the calculations, the magnetizing voltage in α-axis is approximated to the 
excitation control voltage.    
              (4.4.20) 
Substituting the given parameters in the Appendix B in (4.2.16) and (4.2.17), the 
magnetizing inductance in α-axis      can be calculated. From (3.3.8), the 
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magnetizing inductance in α-axis     is equal to      . Similar to (3.3.7), the 
magnetizing inductance in β-axis     is equal       . Therefore,     can be 
approximated as three times the      .  
 
Step 2: 
The current in the excitation control winding      can be defined as 
                (4.4.21) 
In the complex form, it can be re-written as 
                                  (4.4.22) 
Substituting for           in (3.8.23) from (3.8.27), the magnetizing voltage in α-
axis can be written as 
                (4.4.23) 
where subscript R and I denote the real and imaginary components respectively. The 
values of      and      can be given by 
                             (4.4.24) 
                          (4.4.25) 
Since angle   is unknown, the magnetizing voltage in the α-axis can be written as a 
function of   as 
          (4.4.26) 
 
Step 3: 
As shown in Fig. 4.4.1(a) the magnetizing current in the α-axis is defined as     . 
Using (3.8.27) and substituting for            ,     can be given as 
                (4.4.27) 
where the real and imaginary components of (4.4.27) can be given as 
     
    
   
  (4.4.28) 
     
     
   
  (4.4.29) 
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From the above definitions, the magnetizing current in α-axis can be written as a 
function of δ. 
















Fig.  4.4.1 Steady-state equivalent circuit of single-phase generator (a) α-axis (b) β-
axis with ideal resistive load 13 
 
Similarly, using (3.8.27), the current through the core loss resistance can be written 
in the complex form as 
                (4.4.31) 
where      and      can be defined as 
     
    
  
  (4.4.32) 
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The current that flows through the core loss resistance is dependent on the angle δ. 
Thus, it can be re-written as 
          (4.4.34) 
 
Step 4: 
Using the current balance equation in (3.8.29), the rotor current in the α-axis can be 
given as 
   
      
       
   (4.4.35) 
where real and imaginary components of rotor current can be given by two separate 
equations as 
    
                    (4.4.36) 
    
                    (4.4.37) 
Similar to the other current components in the α-axis, the rotor current is also a 
function of δ. 
   
        (4.4.38) 
 
Step 5: 
Using (3.8.25), (3.3.16), (3.8.27) and (3.8.28), the rotor current in β-axis    
  can be 
written as a function of     ,     and      . 
   
   
  




              




   
   
   (4.4.39) 
   
               (4.4.40) 
Substituting from (3.3.17), (3.8.27) and (3.8.28) in (3.8.26), the rotor voltage in the 
β-axis can be re-written as 
                 
          
 
  
      
    
   
   
   (4.4.41) 
Using (4.4.39), substituting for    
  in (4.4.41), the magnetizing voltage in the β-axis 
     can be given in the complex form as 
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                (4.4.42) 
where real and imaginary components are defined by 
     
   
      
    
    
    
 
     
              
   
        
 
    
    
  
    
    
                   
       
  
       (4.4.43) 
     
   
      
             
     
    
    
 
     
   
        
 
    
    
  
    
    
                   
       
  
         (4.4.44) 
The magnetizing voltage in β-axis if depend on both angle δ and the rotor speed   . 
             (4.4.45) 
 
Step 6: 
Substituting for      
 ,       and     from (4.4.35), (4.4.23) and (4.4.42) respectively 
in (4.4.39), the rotor current in β-axis    
   can be written as a function of angle   and 
rotor speed   . 
   
      
       
   (4.4.46) 
where the real and imaginary components can be defined as 
    
   
  




       
           
        
  
    
       (4.4.47) 
    
   
  




          
        
        
  
    
       (4.4.48) 
   
           (4.4.49) 
 
Step 7: 
The magnetizing current in the β-axis is defined as     as shown in Fig. 4.4.1(b). 
Substituting for             in (3.8.28),     can be given as  
                (4.4.50) 
where       and       are given by 
     
    
   
  (4.4.51) 
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  (4.4.52) 
Both real and imaginary components in (4.4.49) depend on the angle δ and rotor 
speed     . Therefore, magnetizing current can be written as  
              (4.4.53) 
Similarly, using (3.8.28), the current through the core resistance      can be given as 
                 (4.4.54) 
where      and      are defined as, 
     
    
   
   (4.4.55) 
     
    
   
  (4.4.56) 
The current through the core resistance      is a function of angle δ and rotor speed   
   and can be given by 
              (4.4.57) 
Step 8: 
Using the current balance in (3.8.30), output winding current       can be given by 
                (4.4.58) 
where its real and imaginary components are defined as 
                     
    (4.4.59) 
                     
    (4.4.60) 
The same as other system variables in the β-axis, the output winding current is also a 
function of angle δ and rotor speed    as written as 
              (4.4.61) 
 
Step 9: 
Substituting for       and           from (4.4.58), (3.8.28) and (4.4.42) in (3.8.24), 
the output winding voltage      can be calculated as 
                (4.4.62) 
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where real and imaginary components are given by 
                               (4.4.63) 
                               (4.4.64) 
Output winding voltage is also depend on the angle δ and rotor speed      as given in 
              (4.4.65) 
 
Step 10: 
Since the magnitude of output winding current is equal to   
  
 
       , using (4.4.58), 
output winding current can be written in the forms of 
          




         (4.4.66) 
which depends on both angle δ and rotor speed     . 
Similarly, using (4.4.62), the magnitude of output winding voltage can be calculated 
as a function of angle δ and rotor speed       and equal to the rated voltage as in 
(4.4.67). 
              
      
      (4.4.67) 
Both the equations in (4.4.66) and (4.4.67) depend on the magnitude of       ,     , δ 
and   . However, the magnitudes      and     are known. Therefore, the only 
unknowns in both the equations are δ and    . Solving these two equations 
simultaneously, rotor speed    and the angle of excitation control winding current δ 
w.r.t. the reference phase can be calculated. 
 
Step 11: 
Substituting the calculated values of δ   and      in (4.4.58) and (4.4.62),     and     
can be determined. 
Then the active and the reactive power at the output winding can be calculated by 
(4.4.68) and (4.4.69) respectively. 
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    (4.4.68) 
               
    (4.4.69) 
where superscript *,    and    denote the conjugate of output winding current, real 
component and imaginary component respectively. 
When a unity power factor load is connected, the total active power is consumed by 
the resistive load     and the total reactive power is supplied by the fixed capacitance  
  . Since the load and the fixed capacitance are connected in parallel, the voltage 
across each element is equal to output winding voltage      . Therefore, load 
resistance and fixed capacitance can be calculated by (4.4.70) and (4.4.71) 
respectively: 
    
 𝑠𝑜
 
 𝑜  
  (4.4.70) 
   
 𝑜  
  𝑠𝑜
    (4.4.71) 
 
Step 12: 
In this step, the computational technique to calculate the load and the capacitance is 
described when a series-connected RL load is operated at the output, instead of the 
unity power factor load. Rotor speed and frequency of the generator variables are 
considered unchanged as before. In order to ensure that the impedance seen by the 
generator remains unchanged, the fixed capacitance and the load impedance is 
changed with the load power factor.  If the magnitude of load impedance and load 
power factor are given as Z and ϕ respectively,  the resistive and inductive 
components of the load i.e.    and    can be written as (4.4.72) and (4.4.73) 
respectively. 
        (4.4.72) 
            (4.4.73) 
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Substituting    and    for   and    in (4.2.1) and (4.2.2), the new equivalent 
resistance and inductance of the load circuit shown by the broken lines in Fig. 4.1.1 
(b)   can be re-written as (4.4.74) and (4.4.75) respectively: 
        
    
    
     
 







  (4.4.74) 
        
     
   
 
       
 





     
 







  (4.4.75) 
where     is the new reactance of the fixed capacitor.   
When the unity power factor load is connected, the equivalent resistive and inductive 
components can be defined as (4.4.76) and (4.4.77) using (4.2.1) and (4.2.2) 
respectively: 
          
   
  𝑜
  𝑜
   𝑜
 
 
  (4.4.76) 
          
   𝑜
 
  𝑜
   𝑜
 
 
  (4.4.77) 
In both situations, the impedance seen by the generator remains unchanged; the 
equivalent resistive and inductive components in two different situations are equal to 
each other as given by, 
                   (4.4.78) 
                   (4.4.79) 
The only unknowns in these two equations are Z and      . Therefore, by solving 
these two equations simultaneously,    ,    and    can be determined. 
         
 
   𝑜




    
     (4.4.81) 
   
     
 
  
    (4.4.82) 
72 
 
where     is the new value of the fixed capacitance. 
4.5 Chapter Conclusions 
Using the techniques described in the preceding sections, the system variables for a 
given set of operating parameters can be calculated when the rotor speed is given as 
either a constant or a load-dependant. Using the method presented in the last section, 
the operating parameters can be calculated in order to obtain the phase balancing of 
the generator system. Thus, the operating range of fixed capacitance, load resistance 
and inductance, rotor speed can be estimated before operating the three-phase 
induction machine as a single-phase generator.  
In the first part of the steady-state analysis, the operating ranges of the operational 
parameters have been presented. Then, the system variables have been calculated for 
a given set of operating parameters. All these results are verified by the experiments 









CHAPTER 5- MODEL VERIFICATION AND 
SYSTEM PERFORMANCE IN TRANSIENT-
STATE 
5.1 Introduction 
In order to verify the errors identified in the dynamic equations given in the 
literature, the simulation results obtained from the existing model were compared 
with those from the model developed in Chapter 3. Since the effects of core losses 
and magnetic saturation have been ignored in the existing model, the dynamic model 
given in (3.1.25), based on the same assumption, was used for this comparison. In 
order to compare the simulation results with the experimental results presented in the 
literature, the same machine parameters as those in the literature were used for both 
models, simulated in Matlab software. The current, voltage and rotor speed obtained 
from both models are presented in the next section of this chapter.  
The verification of the comprehensive model developed in the preceding chapter was 
made by performing the experiments on a laboratory experimental set-up. A 400 V, 
50 Hz, 3 kW, 4-pole small squirrel cage three-phase induction machine was 
assembled as the single-phase generator using the equipment available in the 
laboratory and the generator shaft was coupled to similar three-phase induction 
motor driven by a variable speed drive (VSD) to emulate the renewable energy 
source such as a wind turbine.  Induction machine parameters obtained by DC test, 
blocked rotor test and no load tests are given in Appendix B. A capacitor and a 
resistive load are connected in parallel at the output winding of the generator. At the 
excitation control winding, a single-phase auto transformer is connected to replace 
the bi-directional DC-AC inverter. It is energized by the utility grid. By changing the 
ac voltage supplied by the auto transformer, the excitation control winding voltage is 
adjusted. Similarly, by changing the speed of the VSD, the desired speed of the rotor 
is selected. Because of the lower ratings of the three-phase induction generator, the 
rotor speed is maintained below the rated value. The experimental setup used for the 
74 
 
verification of comprehensive dynamic model of the single-phase generator is shown 
in Fig. 5.1.1.  
The state space vector and the equation of motion developed for the comprehensive 
dynamic model of the single-phase generator were simulated in Matlab and the 
dynamic performance was computed using the variable step Runge-Kutta technique. 
The flow chart of the simulation process is given in Appendix D.   
The knowledge of transient-performance of the unregulated single-phase generator is 
important before utilizing it in the renewable energy generation schemes which is not 
discussed in the literature. Using the comprehensive dynamic model developed in the 
previous chapter, the transient-performance of the unregulated generator system was 









Fig. 5.1.1 Experimental setup used for dynamic mathematical model verification 14 
 
5.2 Verification of Identified Errors in the Literature 
The study was performed to supply active power of 750 W to a resistive load at the 
output winding. In order to generate 230 V/ 50 Hz at the output, both the existing 
model and the improved model were simulated in Matlab and operated under the 
same conditions. An AC voltage of 146 V/ 50 Hz was supplied from the excitation 
control winding at the rotor speed of 1560 rpm. A fixed capacitance of 30 µF was 



























power requirement during the excitation. Due to the lack of information provided in 
the literature, the following assumptions have been made to obtain the simulation 
results in both models. 
 The model of load and excitation capacitor was considered as (3.4.5). 
 During the generator mode of operation of the single-phase induction 
machine, the torque of the turbine was considered as a negative constant 
value. 
 Due to the error persists in the Matlab program, the equation of motion was 





          
Currents and voltages in both excitation control and output windings and rotor 














Fig.  5.2.1. Excitation control winding voltage 15 
When the same excitation control winding voltage shown in Fig 5.2.1 was applied 
with the same mechanical torque for both existing and improved models, the 
simulation results obtained for excitation control current, output winding voltage, 
output winding current and rotor speed are those shown in Figs. 5.2.2 - 5.2.5 
respectively. Part (a) of each figure shows the results obtained from the existing 
model whereas part (b) shows the results obtained from the improved model. 
 























































Fig.  5.2.2. Excitation control current (a) Existing model (b) Improved model 16 
 























Excitation Control Current (ise)
 




















































Fig.  5.2.3. Output winding voltage (a) Existing model (b) Improved model 17 
 












































































Fig.  5.2.4. Output winding current (a) Existing model (b) Improved model 18 
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Fig.  5.2.5. Rotor speed (a) Existing model (b) Improved model 19 
 







































































The results obtained from the improved model confirm that the system becomes 
steady after a transient time less than 0.5 s and current and voltage waveforms are 
purely sinusoidal with a frequency of 50 Hz. However, the results from the existing 
model are unstable throughout the period of testing. Therefore, the dynamic model 
given in the literature is not reliable and was not used for any future development in 
this thesis.  
In order to verify the increased accuracy of the comprehensive model developed in 
Chapter 3, the already verified improved model is used as means of comparison. 
5.3 Verification of the Increased Accuracy of the Comprehensive Model 
Five different test cases are performed to verify the improved accuracy of the 
comprehensive model which takes into account the effects of core losses and 
magnetic saturation. The simulation results of comprehensive model and improved 
model are compared with the corresponding experimental results obtained in the 
laboratory. In order to obtain 230 V at the output winding on the laboratory 
experimental setup, the operational conditions required for each test case are given in 
Table 5.3.1. The same operational parameters are used to obtain the simulation 
results from both comprehensive and improved models. 
Table 5.3.1                                                                                                                     













93.4 30 1580 130 
B 93.4 40 1580 121.4 
C 52.9 40 1580 149.6 
D 52.9 40 1525 177.2 
E 52.9 30 1525 181.3 
The experimental and the predicted results of voltage and current in both excitation 
control winding and output winding of the improved and the comprehensive models 
are given in Table 5.3.2.  
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Also, a numerical comparison of the error between experimental and computer simulation results is given as a percentage of the corresponding 
experimental value. Similarly, a comparison of power factors and active power of the two windings are made in Tables 5.3.3 and 5.3.4 
respectively. 
 Table 5.3.2                                                                                                                                                                                                   
Comparison of Current and Voltage of Improved and Comprehensive Models2 
Test 
case 

























Vse Ise Vso Iso Vse Ise Vso Iso 
A 130.0 6.0 230.5 3.3 130.0 6.24 238.93 3.44 130.0 5.92 235.04 3.37 0.0 4.0 3.7 4.4 0.0 -1.3 2.0 2.2 
B 121.4 5.1 229.6 3.8 121.4 5.31 238.44 3.95 121.4 4.98 231.72 3.85 0.0 4.1 3.8 4.0 0.0 -2.3 0.9 1.4 
C 149.6 3.5 229.9 5.1 149.6 3.42 243.95 5.53 149.6 3.45 236.10 5.42 0.0 -2.3 6.1 8.5 0.0 -1.4 2.7 6.3 
D 177.2 6.1 230.2 5.1 177.2 5.75 242.04 5.51 177.2 6.22 235.18 5.37 0.0 -5.7 5.1 8.0 0.0 1.9 2.2 5.3 
E 181.3 6.3 230.8 4.8 181.3 5.81 238.37 5.09 181.3 6.41 234.05 4.97 0.0 -7.8 3.3 6.1 0.0 1.8 1.4 3.6 
 
When the generator system is not regulated, the output voltage of the improved model is much higher than that of the experimental value. 
However, the maximum discrepancy of the output voltage between the experimental and the comprehensive models is 2.7% only. Similarly, the 
error percentages of excitation control and output windings currents of the improved model are almost twice those in the comprehensive model. 
The maximum error percentages of excitation control and output windings currents of the comprehensive model are 2.3% and 6.3% respectively 
while those in the improved model are -7.8% and 8.5% respectively. In particular, the comprehensive model provides significant improvement in 
the accuracy of the excitation control power factor. In the worst case, when the excitation control power factor of the improved model is 41.4%, 
that of the comprehensive model is reduced up to 17.6%.  In Table 5.3.4, it is noticed that the deviation of active power in both windings of the 
comprehensive model is dramatically reduced compared to that of the improved model, as indicated by the experimental values.  The error 
percentage of almost all the results obtained from the comprehensive model is less than 5% while several others are slightly higher than that. 
82 
 
 Table 5.3.3                                                                                                                                                                                                   
Comparison of Excitation Control and Output Power Factors of Improved and Comprehensive Models3 
Test 
case 





















A -0.78 -0.74 -0.88 -0.75 -0.83 -0.75 12.3 1.4 6.0 1.4 
B -0.89 -0.64 -0.96 -0.66 -0.93 -0.64 7.9 3.3 4.5 -0.4 
C -0.50 -0.83 -0.71 -0.83 -0.59 -0.84 41.4 -0.4 17.6 1.7 
D 0.86 -0.83 0.89 -0.83 0.84 -0.83 3.6 -0.4 -1.8 -0.4 
E 0.75 -0.89 0.79 -0.89 0.75 -0.89 5.4 0.1 0.0 0.1 
 
 Table 5.3.4                                                                                                                                                                                                   
Comparison of Excitation Control and Output Power of Improved and Comprehensive Models4 
Test 
case 
Experimental Improved Model Comprehensive Model Error % Improved Model Error % Comprehensive Model 
Excitation 
 Power (W) 
Output  

















A -608.4 -562.9 -711.0 -617.3 -636.7 -594.7 16.9 9.7 4.7 5.6 
B -551.0 -558.4 -619.0 -623.4 -562.2 -569.0 12.3 11.6 2.0 1.9 
C -261.8 -973.2 -361.7 -1116.0 -303.4 -1080.3 38.2 14.7 15.9 11.0 
D 929.6 -974.4 907.8 -1103.1 930.1 -1044.8 -2.3 13.2 0.1 7.2 
E 856.6 -986.0 832.1 -1081.1 871.8 -1037.2 -2.9 9.7 1.8 5.2 
 
The accuracy of the comprehensive model has been increased due to the losses being taken into account in developing the mathematical model. 




5.4 Voltage Build-up Process of the Generator 
A constant voltage and a smooth sinusoidal waveform are important for safe 
operation of the electrical equipments. Therefore, the knowledge of voltage build-up 
process of the induction generator is important when it is employed to generate 
decentralized power for individual or co-operate consumption at the local generation 
point. In order to study the voltage build-up process of the novel single-phase 
induction generator used in this thesis, the results obtained from the already verified 
improved model in Section 5.2 are used. The transient behaviour of the output 
winding voltage and current are carefully analysed to understand the voltage build-up 
process of the generator when a constant voltage is supplied at the excitation control 
winding. This analysis is presented in this section as below. 
Using Fig. 5.2.3 and 5.2.4, the voltage build-up process of the generator is observed 
during the transient period, i.e. 0 - 0.5 s of both output winding voltage and current 











Fig. 5.4.1 Transients of Output Winding Voltage 20 
At the starting point i.e. 0 s, when the rotor is standstill, the output voltage is zero. 
When the machine starts to rotate with a constant voltage of 146 V is supplied at the 
 
























excitation control winding, a small voltage is built-up at the output winding due to 
the fixed capacitance connected in parallel to the consumer load. When the rotor 
speed increases, the output voltage increases because of the increased filed strength. 
This process continues until voltage reaches to a steady condition at a constant rotor 
speed. This scenario is illustrated in Fig. 5.4.1. 
Similarly, with the small field strength, a small output winding current is generated 
just after the machine began to operate. When the field strength increases with the 
increasing rotor speed, the output winding current also increases until reaches the 












Fig. 5.4.2 Transients of Output Winding Current 21 
Starting from 0, both output winding voltage and current gradually increase up to the 
desired output. None of the variables exceeds the rated condition. It is noticed that, 
just after a few seconds, both the waveforms acquire the expected sinusoidal curve 
with the accurate frequency. Therefore, employing this novel single-phase generator 
in off-grid operation will provide a high quality output to the local consumers 
connected to the electrical generation scheme.   
 



















Output Winding Current (iso)
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5.5 Performance Analysis in Transient-State 
In order to arrive at the results presented in this section, first, the normal operating 
condition of the generator was selected. This operating condition was specified so as 
to generate the voltage of 230 V at the output for a desired consumer load. The 
selected rotor speed did not exceed the rated value. A small capacitance was selected 
as the fixed capacitance connected in the output winding.  
The excitation control voltage, the fixed capacitance, the consumer load and the rotor 
speed are considered as the operational parameters and all other parameters that 
depend on these operational parameters are considered as the variable parameters of 
the system. The effects of changing each of these parameters are studied separately 
by Matlab simulations in the following sections of this chapter. The verification of 
these theoretical studies based on the comprehensive dynamic model was made by 
comparing the corresponding experimental results obtained on the laboratory 
experimental set-up. 
5.5.1 The Transient due to Sudden Change in Consumer Load 
In this study, instead of a general load with resistance and inductance, a single 
resistive R load is considered as the consumer load of the system to make the 
analysis easier. The operational parameters required generating the voltage of 230 V/ 
50 Hz at the output when the load of 93.4 Ω (i.e. 56.6% of full-load current at desired 
output voltage) is connected are measured using the experimental set-up. In order to 
study the transient performance due to sudden change in consumer load, at 0.25 s, the 
load is increased in a step to 52.9 Ω (i.e. 84.3% full-load current at desired output 
voltage) while other operational parameters are kept constant. The simulations are 
carried out under the same operational conditions as those given in Table 5.5.1.1.  
Table 5.5.1.1                                                                                                                     










Value 93.4 30 130 1580 
 
Figure 5.5.1.1 shows the voltage waveform of the excitation control winding. This 
remains unchanged throughout the period of testing. Excitation control winding 
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current, output winding voltage and output winding current are shown in Figs. 
5.5.1.2-5.5.1.4 respectively. When the load is increased at 0.25 s, both the excitation 
control winding current and the output winding voltage reduce while the output 
winding current increases similar to the behaviour of a self-excited induction 
generator [148]. The increase in consumer load draws more power to the output 
winding. Since the mechanical torque decreases due to the increase of consumer load 
at a constant rotor speed, the mechanical power from the prime mover is dropped. 
Therefore, the real power supplies to the excitation control winding decreases. This 
causes the drop in the excitation control current. Due to the increase in output power 
at the reduced load resistance, output winding current starts to increase. However, 
with the increasing load, the output voltage decreases. In all results, the transient 
period lasts for only 3 to 4 cycles. The close matching of simulated results with the 
experimental results verify the accuracy of the comprehensive dynamic model. 
In order to discover the frequencies of the obtained results, the time domain signal is 
converted into the frequency domain using the Fast Fourier Transform (FFT). The 
FFT of experimental and simulated excitation control winding voltages is given in 
Fig. 5.5.1.5. Similarly Figs. 5.5.1.6 - 5.5.1.8 show the FFTs of experimental and 
simulated output voltage, excitation control winding current and output winding 
current respectively. The frequencies of the simulated results are exactly the same as 
those of the excitation control voltage generated by the simulation itself. However, in 
the experimental results, several other frequencies components exist due to the 
harmonics of the fundamental frequency. The simulated waveforms and the 
frequency domain signals of rotor currents in phase ‘α’ and phase ‘β’ are shown in 
Figs. 5.5.1.9 and 5.5.1.10 respectively. The frequencies of rotor currents are the same 
as those of the stator currents. This relationship of stator and rotor components has 
been used to develop the steady-state model of the single-phase induction generator 
described in the latter part of the Chapter 3.  
The rotor speed and the mechanical torque obtained from the computer simulations 
are depicted in Figs. 5.5.1.11 and 5.5.1.12 respectively. These graphs demonstrate 
that, due to a sudden change in the consumer load, the rotor speed and the torque 
possess a transient period before becoming steady. A numerical comparison of 
experimental and theoretical results of voltage and current in both excitation control 
winding and output winding obtained before and after the transient period is given in 
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Test Case A of Table 5.7.1. Similar comparisons of power factor and active power of 





















Fig.  5.5.1.2 Transients of excitation control winding current due to a step change in 
load resistance from 93.4 Ω to 52.9 Ω at t=0.25s 23 
 























































































Fig.  5.5.1.3 Transients of output voltage due to a step change in load resistance from 











Fig.  5.5.1.4 Transients of output winding current due to a step change in load 
resistance from 93.4 Ω to 52.9 Ω at t=0.25s 25 
 




























































































Fig.  5.5.1.8 FFT of the output current 29 
 















































































Fig.  5.5.1.9 Transients of rotor currents due to a step change in load resistance from 












Fig.  5.5.1.10 FFT of the rotor currents 31 
 





















Rotor Current in Phase 'alpha'
Rotor Current in Phase 'beta'
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Fig.  5.5.1.12 Characteristics of mechanical torque 33 
 





























































5.5.2 The transient due to sudden change in fixed capacitance 
The effect of sudden change in the fixed capacitance on the performance of the 
generator system is studied in this section. The operational parameters required 
generating the voltage of 230 V/ 50 Hz at the output when the fixed capacitance of 
40 µF is connected in parallel with the resistive load of 52.9 Ω (i.e. the full-load 
current at desired output voltage) are measured using the experimental set-up the 
same as in the previous section. In order to study the transient performance due to 
sudden change in the fixed capacitance, at 0.25 s, the capacitance is reduced in a step 
from 40 µF to 30 µF (i.e. 95.2 % of full-load current at desired output voltage) while 
other operational parameters are kept constant. The same operational conditions 
given in Table 5.5.2.1 are used for the simulations carried out for theoretical analysis 
of the transient behaviour due to sudden change in fixed capacitance.  
Table 5.5.2.1                                                                                                                     










Value 52.9 40 145 1580 
Figures 5.5.2.1 – 5.5.2.4 show the waveforms of excitation control winding voltage, 
current, output voltage and output winding current respectively. At 0.25 s when the 
capacitance is decreased down to 30 µF, the total impedance connected at the output 
winding increases. This will result to decrease both voltage and current in the output 
winding. Decrease in voltage and current in output winding decreases the power at 
the output terminal. However, as the rotor speed remains unchanged, the additional 
mechanical power generation causes an increase of the active power of excitation 
control winding in order to maintain the active power balance in the system. 
Therefore, the current in the excitation control winding increases when the voltage 
remains constant. In each figure, it is noticed that due to a sudden change to the fixed 
capacitance, the system requires 2 to 3 cycles to build up its steady condition once 
again. A very good agreement between simulation and experimental results confirms 
the accuracy of the comprehensive model. The frequency spectrum of excitation 
control voltage, output voltage, excitation control winding current and output 
























Fig.  5.5.2.2 Transients of excitation control winding current due to a step change in 
fixed capacitance from 40 µF to 30 µF at t=0.25s 35 
 






















































































Fig.  5.5.2.3 Transients of output voltage due to a step change in fixed capacitance 











Fig.  5.5.2.4 Transients of output winding current due to a step change in fixed 
capacitance from 40 µF to 30 µF at t=0.25s   37 
 






























































































Fig.  5.5.2.8 FFT of the output current41 
 




































































The simulated results of the currents and the FFT analyses of rotor in the αβ frame 
are shown in Figs. 5.5.2.9 and 5.5.2.10 respectively. The fundamental frequencies of 
the rotor currents are the same as those of the stator as discussed in the previous 
section.    
The rotor speed and the mechanical torque obtained from the computer simulations 
are illustrated in the Figs. 5.5.2.11 and 5.5.2.12 respectively. These graphs 
demonstrate that the sudden change to the fixed capacitance establishes a transient 
period for the rotor speed and the mechanical torque before they become steady. 
After the transient period, the rotor speed is back to its initial speed. However, the 
mechanical torque decreases with the decrease of the fixed capacitance. The 
reduction in output power causes the mechanical torque to decrease in order to 
maintain a constant rotor speed.  
The voltage and current in both excitation control winding and output winding 
obtained from the experiments and simulations are tabulated in Test Case B of Table 
5.7.1.  A numerical comparison of the results before and after the transient period is 
presented. Similar comparisons carried out for the power factor and the active power 











Fig.  5.5.2.9 Transients of rotor currents due to a step change in fixed capacitance 
from 40 µF to 30 µF at t=0.25s42 
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Fig.  5.5.2.11 Characteristics of rotor speed44 
 















Rotor Current in Phase 'alpha'
Rotor Current in Phase 'beta'
 


















































Fig.  5.5.2.12 Characteristics of Mechanical Torque 45 
 
5.5.3 The transient due to sudden change in rotor speed 
The dynamic behaviour of the single-phase induction generator due to the sudden 
change of rotor speed is discussed in this section. Similar to the previous analyses, 
initially the voltage of 230 V/ 50 Hz is generated at the output winding. The 
generator is operated at full-load condition with a rotor speed of 1580 rpm. The 
dynamic analysis of the generator due to the sudden change in rotor speed was 
performed by decreasing the rotor speed to 1556 rpm (i.e. 92.2% of full-load current 
at desired output voltage) at t=0.25 s while other operational parameters remain 
unchanged. The effects of sudden change of rotor speed on the variable parameters 
of the generator are observed using an oscilloscope connected to the laboratory 
experimental set-up. In the experiment, the operational parameters given in Table 
5.5.3.1, except the rotor speed, are established before and after the change in rotor 
speed. In order to compare the experimental results with the simulation results 
obtained from the comprehensive dynamic model, the same operational parameters 
are used for the simulations performed in Matlab software. The analysis of dynamic 
behaviour due to the sudden change in rotor speed using the experimental and the 
theoretical results of the unregulated generator system is presented below.  
 























Table 5.5.3.1                                                                                                                     










Value 52.9 30 153 1580 
 
The transients of voltages and currents in excitation control winding and output 
winding due to the sudden change of rotor speed are shown in Figs.  5.5.3.1 – 5.5.3.4 
respectively. In both experimental and simulation results, all the variable parameters 
decrease with the decreasing rotor speed. The real power of the output winding 
decreases when the mechanical power decreases due to the low rotor speed. This 
causes either a reduction or absorption of the real power to or from the ESS. Thus, 
output winding voltage, current and excitation control current decrease with the 
reduction in real power in the system. In both experimental and simulation results, 
each variable parameter requires 3-4 cycles to become the steady condition. The 
results obtained from the experiments and simulations match each other with a good 
degree of accuracy. The simulated FFT analysis of excitation control voltage, output 
voltage, excitation control current and output winding current are depicted in Figs. 
5.5.3.5 – 5.5.3.8 respectively. As predicted, the fundamental frequency at the output 
winding is maintained at the rated frequency 50 Hz. The simulation results of the 
rotor currents in phase ‘α’ and phase ‘β’ are shown in Fig 5.5.3.9. The frequency 
domain signals of the rotor currents are given in Fig. 5.5.3.10. The fundamental 
frequency of the rotor currents is the same as that of the stator which is equal to 50 
Hz in this analysis.  
The changes of rotor speed and the mechanical torque due to the sudden change in 
rotor speed are shown in Figs. 5.5.3.11 and 5.5.3.12 respectively. When the rotor 
speed is reduced from 1580 rpm to 1556 rpm, the mechanical torque decreases from -
10 to -6 respectively.  
A numerical comparison of experimental and simulated values of voltages and 
currents in both excitation control winding and output winding before and after the 
transient period are given in the Test Case C of the Table 5.7.1. Similarly, 
experimental and simulation results of the power factor and active power of both 
100 
 























Fig.  5.5.3.2 Transients of excitation control winding current due to a step change in 
rotor speed from 1580 rpm to 1556 rpm at t=0.25s 47 
 


























































































Fig.  5.5.3.3 Transients of output voltage due to a step change in rotor speed from 











Fig.  5.5.3.4 Transients of output winding current due to a step change in rotor speed 
from 1580 rpm to 1556 rpm at t=0.25s 49 
 





























































































Fig.  5.5.3.8 FFT of the output current 53 
 















































































Fig.  5.5.3.9 Transients of rotor currents due to a step change in rotor speed from 












Fig.  5.5.3.10 FFT of the rotor currents 55 
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Fig.  5.5.3.12 Characteristics of mechanical torque 57 
 






























































5.5.4 The transient due to sudden change in excitation control voltage 
In this section, the dynamic behaviour of the unregulated generator system due to the 
sudden change in excitation control voltage is discussed. At the beginning, the 
generator is operating in a steady-state condition at rotor speed of 1580 rpm when a 
load of 52.9 Ω (i.e. full-load current at desired output voltage) is connected in 
parallel with a 30 µF capacitance. The voltage of 153 V/ 50 Hz is supplied from the 
excitation control winding to generate 230 V/ 50 Hz at the output winding. When the 
excitation control voltage is changed from 153 V to 110 V (i.e. 75.0 % of full-load 
current at desired output voltage) at t=0.2 s, the transient behaviour of the single-
phase generator is studied using the results obtained from the experiments and 
simulations. The operational parameters given in Table 5.5.4.1 are used for both 
experiments and simulations.    
Table 5.5.4.1                                                                                                                     










Value 52.9 30 153 1580 
 
The transients of excitation control winding voltage, current, output voltage and 
output winding current are depicted in Figs. 5.5.4.1 – 5.5.4.4 respectively. With the 
sudden decrease of the excitation control winding voltage at the 0.2 s, all the variable 
parameters decrease. The decrease in excitation control winding voltage causes both 
the excitation control winding current and the output voltage to decrease. Decrease in 
output voltage decreases the output winding current. Therefore, the active power in 
both output winding and excitation control winding drop. In order to maintain the 
active power balance in the system, the mechanical torque of the generator system 
decreases as the rotor speed remains constant. Similar to the above three analyses, 
the transient period lasts for only 3-4 cycles. A very good alignment of simulated and 
experimental results verifies the accuracy of the comprehensive dynamic model. The 
frequency domain signals of excitation control voltage, output voltage, excitation 
control wining current and output winding current are shown in Figs. 5.5.4.5 – 
5.5.4.6respectively. Each signal has a fundamental frequency component of 50 Hz 
which is equal to the given frequency of the excitation control winding voltage. In 
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Fig.  5.5.4.2 Transients of excitation control winding current due to a step change in 
excitation control voltage from 153 V to 110 V at t=0.2s 59 
 



























































































Fig.  5.5.4.3 Transients of output voltage due to a step change in excitation control 











Fig.  5.5.4.4 Transients of output winding current due to a step change in excitation 
control voltage from 153 V to 110 V at t=0.2s 61 
 




























































































Fig.  5.5.4.8 FFT of the output winding current 65 
 





































































The simulation results of the rotor currents in ‘αβ’ reference frame obtained from the 
comprehensive model are illustrated in Fig. 5.5.4.9. The frequency domain signals of 
the rotor currents are shown in Fig. 5.5.4.10. Similar to the above three analyses, the 











Fig.  5.5.4.9 Transients of rotor currents due to a step change in excitation control 











Fig.  5.5.4.10 FFT of the rotor currents 67 
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 The changes in rotor speed and the mechanical torque due to the sudden change in 
excitation control winding voltage can be studied using the simulated results 
obtained from the comprehensive model. These results are illustrated in Figs. 
5.5.4.11 and 5.5.4.12 respectively. 





















Fig.  5.5.4.12 Characteristics of mechanical torque 69 
 




























































The mechanical torque has a significant decrease at 0.2 s. Thus, the input mechanical 
power has been dropped by a considerable amount. This is a result of the decrease in 
active power of both output winding and excitation control winding with the 
decrease of excitation control winding voltage. After a transient period, the rotor 
speed becomes steady at its initial value. 
The numerical comparison of experimental and simulated results of voltages and 
currents in both excitation control and output windings before and after the transient 
period are given in Test Case D of Table 5.7.1. A similar comparison of power 
factors in both windings is given in Table 5.7.2. Experimental and simulated results 
of active power in both windings are compared in Test Case D of Table 5.7.3. 
5.6 The transient due to the short circuit condition 
The most severe transient condition is the short circuit of the system. In this section, 
the dynamic behaviour of the unregulated generator system due to the short circuit 










Fig. 5.6.1 Excitation Control Winding Voltage70 
At the beginning, the generator is operating in a steady-state condition at rotor speed 
of 1544 rpm when a load of 52.9 Ω (i.e. full-load current at desired output voltage) is 
connected in parallel with a 30 µF capacitance. In order to generate 230 V/ 50 Hz at 
the output winding, 166 V/ 50 Hz voltage is supplied from the excitation control 
 
 


































winding. The transient behaviour of the single-phase generator due to the short 












Fig. 5.6.2 Transient of excitation control winding current due to short circuit 








































































































Fig. 5.6.5 Transient of rotor speed due to short circuit condition at 0.5 s74 
 
The excitation control voltage shown in Fig. 5.6.1 is constant during the period of 
testing. Prior to the sudden short circuit at 0.5 s, the excitation control winding 
 
 



























































current is steady at 4.3 A. Just after the fault occurs, it increases above 28.7 A. After 
the transient period of 0.5 s, excitation control winding current becomes steady at 
17.8 A as illustrated in Fig. 5.6.2. The behaviour of output winding current due to the 
short circuit condition is depicted in Fig. 5.6.3. Before the short circuit fault, the 
steady-state current in the output winding is 4.9 A. At 0.5 s, the current overshoot is 
noted as 46.3 A. Just after the instantaneous increment, the current gradually 
decreases and becomes steady at 10.7 A within the same transient period of 
excitation control winding current. The increase of current in both the windings may 
damage the circuit as well as the equipment connected at the load side. As shown in 
Fig. 5.6.4, prior to the short circuit fault, 230 V/ 50 Hz voltage is supplied to the 
consumer load connected at the output winding. At 0.5 s, the voltage gradually 
decreases and becomes almost zero after the transient period. Due to the short circuit 
fault, as the load at the output is reduced significantly, the speed of the prime mover 
increases. This is illustrated in Fig. 5.6.5. Since in the real world, the short circuit 
fault of a single-phase generator can be expected, in order to overcome the damage 
caused by the unpredicted variation of current and rotor speed, a control system 
should be properly designed for this generator system.   
5.7 Chapter Conclusions 
A comparison of experimental results and corresponding simulation results obtained 
from comprehensive dynamic model developed in Chapter 3 are presented in this 
section. Table 5.7.1 shows the numerical comparison of experimental and theoretical 
values of the voltage and the current in both excitation control winding and output 
winding of the generator. A, B, C and D denote the tests performed to study the 
system performance due to the sudden change in consumer load, fixed capacitance, 
rotor speed and excitation control winding voltage respectively. Comparison of 
experimental and theoretical values of power factors in excitation control winding 
and output winding are presented in Table 5.7.2. Similar comparison in real power in 
both the windings is given in Table 5.7.3. 
From the voltage and current results presented in Table 5.7.1, it can be clearly seen 
that, with the exception of a few cases, experimental and theoretical results match 
each other with less than 3% discrepancy. In the worst case the discrepancy between 
experimental and theoretical values is 8.6% only. 
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Simulation and experimental results of power factor and active power of both windings presented in Tables 5.7.2 and 5.7.3 respectively match 
each other very well. Therefore, the comprehensive dynamic model described in Chapter 3 can be used as a tool to build a steady-state model of 
this generator configuration which is yet to be developed. With a full understanding of the dynamic behaviour of the single-phase generator, the 
generator system can be utilized in many renewable energy generation schemes with no uncertainties. 
Table 5.7.1                                                                                                                                                                                                     
Comparison of experimental and theoretical values of current and voltage9 
Test Case Impact 
Experimental Simulation Error Percentage (%) 
Vse(V) Ise(A) Vso(V) Iso (A) Vse (V) Ise (A) Vso(V) Iso (A) Vse Ise Vso Iso 
A 
Before Transient 132.9 6.5 231.93 3.2 130.0 5.94 233.63 3.37 -2.2 -8.6 0.7 5.2 
After Transient 130.1 4.20 197.99 4.24 130.0 3.98 197.35 4.22 -0.1 -5.2 -0.3 -0.6 
B 
Before Transient 147.1 3.5 231.93 5.1 145.0 3.35 232.00 5.26 -1.4 -4.4 0.0 3.2 
After Transient 144.2 4.50 220.62 4.67 145.0 4.39 219.84 4.70 0.5 -2.5 -0.4 0.7 
C 
Before Transient 153.0 4.8 230.1 4.8 153.0 4.67 234.55 4.91 0.0 -2.7 1.9 2.2 
After Transient 152.7 3.50 217.79 4.53 153.0 3.50 218.71 4.62 0.2 -0.1 0.4 2.0 
D 
Before Transient 153.0 4.8 230.1 4.8 153.0 4.67 234.55 4.92 0.0 -2.6 1.9 2.4 
After Transient 110.0 4.6 167.1 3.5 110.0 4.74 167.44 3.57 0.0 3.0 0.2 2.0 
116 
 
Table 5.7.2                                                                                                                     























-0.79 -0.75 -0.83 -0.75 4.7 0.7 
After 
Transient 




-0.57 -0.83 -0.59 -0.84 3.1 1.6 
After 
Transient 




-0.49 -0.89 -0.51 -0.90 4.5 1.6 
After 
Transient 




-0.49 -0.89 -0.48 -0.90 -1.1 1.6 
After 
Transient 
-0.67 -0.89 -0.68 -0.90 2.2 1.3 
 
Table 5.7.3                                                                                                                     























-682.6 -552.9 -638.7 -589.9 -6.4 6.7 
After 
Transient 




-293.4 -982.9 -285.2 -1030.8 -2.8 4.9 
After 
Transient 




-357.7 -984.1 -363.9 -1041.5 1.7 5.8 
After 
Transient 




-357.7 -984.1 -344.5 -1043.6 -3.7 6.0 
After 
Transient 
-339.0 -522.3 -356.8 -540.9 5.2 3.6 
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CHAPTER 6- MODEL VERIFICATION AND 
SYSTEM PERFORMANCE IN STEADY-
STATE 
6.1 Introduction 
This chapter presents the verification of the steady-state model of the single-phase 
induction generator developed in Chapter 3 and the analysis of the system 
performance in the steady-state. Since the steady-state model of this novel 
configuration has not been reported in the literature, the steady-state behaviour of the 
generator system has yet to be analysed. However, in order to design a regulated 
ECS, it is necessary to know the unregulated system performance in the steady-state.  
In the first section of this chapter, the theoretical values of the operating parameters 
required to achieve the current and voltage balance in the generator are obtained 
using the computational techniques described in Chapter 4. The desired values of 
output voltage and frequency are considered as the rated values of the machine. 
Since the rated values of the voltage, the current and the frequency are 230 V, 6.4 A 
and 50 Hz respectively, in order to achieve both voltage and current balance in 
single-phase induction machine, the voltage and the current in excitation control 
winding are expected to be        V and 6.4 A respectively. The theoretical values 
obtained for the operating parameters in order to fulfil these conditions are verified 
using the experiments carried out on the laboratory experimental set-up described in 
Chapter 5. Thus, the operational range of these parameters is defined to achieve a 
minimum unbalance of the system.  
In the next section of this chapter, the system variables for a given set of operating 
parameters are calculated. Considering the output voltage and the frequency are as 
the desired rated values, the system variables are calculated for a given rotor speed 
using the computational methods developed in section 4.2. For a load dependant 
rotor speed, the computational procedure described in section 4.3 is used to calculate 
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the system variables. In order to study the effects of changing one of the operating 
parameters on system variables, the calculations are repeated for the different values 
of the same operating parameter while other operating parameters remain unchanged. 
The simulation results obtained using Matlab Software are compared with the 
corresponding experimental results as shown in the figures in the latter sections of 
this chapter. 
The load impedance, the fixed capacitance and the rotor speed are considered as the 
main operating parameters of the system. The effects of changing one of these 
parameters are studied separately and presented in this chapter. In order to simplify 
the experimental set-up, a unity power factor load is employed in this analysis, 
although in a practical system, the consumer load may be a series connected RL load. 
6.2 Calculation of the Operating Parameters 
The operating parameters required to achieve the voltage and current balance in the 
generator are calculated using the computational procedure described in section 4.4. 
Considering a unity power factor load at the output, the minimum capacitance 
required to keep the excitation control winding current below the rated values is 
calculated as 45.0 µF. The rotor speed, the power factor at the excitation control 
winding and the load impedance needed to obtain the minimum capacitance required 
for the phase balancing are given in Table 6.2.1. In order to verify the accuracy of 
values of the obtained parameters, the theoretical results are compared with the 
experimental values needed to achieve the same outcomes. This comparison is 
shown in Table 6.2.1. 
Table 6.2.1                                                                                                                                                                                                   
The comparison of the theoretical and experimental values of operating parameters 
required to achieve the phase balancing of the generator12 
Parameter  Theoretical values Experimental values 
Fixed capacitance (µF) 45.0 47.0 
Load impedance (Ω) 50.4 57.1 
Rotor Speed (rpm) 1611.82 1610 
Excitation Control Power factor -0.8305 -0.814 
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Thus, the operational range of the fixed capacitance is selected as ±60% of the 
calculated value. The load impedance is selected in between the full-load impedance 
and the no-load impedance. The operational range of the rotor speed is set between 
the synchronous speed and the full-load speed. The values of the operational range of 
each operating parameter are given in Table 6.2.2. 
Table 6.2.2                                                                                                                                                                                                   
The operational range of operating parameters 13 
Parameter Minimum Values Maximum Values 
Fixed capacitance (µF) 18 72 
Load impedance (Ω) 28.7 No-load impedance 





6.3 Changing the Consumer Load 
The effect of changing the consumer load on the system variables was studied for 
following two different cases. 
1. Changing the unity power factor load 
2. Changing the lagging power factor load 
The simulation results obtained to study the effect of changing the unity power factor 
load on the system variables were verified using the experimental results. However, 
due to the limited resources, the effect of changing lagging power factor load on the 
system variables were studied using the simulation results obtained using Matlab.  
6.3.1 Changing the Unity Power Factor Load 
In order to obtain the results presented in this section, the normal operating point is 
selected such that the output voltage and the frequency are equal to 230 V and 50 Hz 
respectively. At this point, the output winding current is considered as 56.6 % of full-
load current at desired output voltage. The operating parameters required to produce 
this condition are measured experimentally and presented in Table 6.3.1.1.  
Using the same operating parameters, the theoretical values of the system variables 
due to the effects of changing the unity power factor load while all other operating 
parameters remain constant, are calculated by solving the equations described in 
120 
 
section 4.2. In order to maintain the output voltage and the frequency remain at the 
normal operating conditions, the effects of changing the load on other system 
variables are demonstrated using Fig. 6.3.1.1-6.3.1.6. When the fixed capacitance is 
unchanged, the same test is repeated for another three different values of the rotor 
speeds. The horizontal axis shows the load conductance. Thus, the loading of the 
generator increases from left to right along the horizontal axis.   
Table 6.3.1.1                                                                                                                                                                                                   
Operating parameters required to obtain the normal operating point14 
Parameter Values  
Fixed capacitance (µF) 30 
Load impedance (Ω) 93.4 
Rotor speed (rpm) 1510 
 
Figure 6.3.1.1 shows the variations of the voltage in excitation control winding when 
the load is changed within the defined operational range. In the legend of this figure, 
‘S’ and ‘E’ denote the simulated and experimental results respectively. ‘Sp’ denotes 
the mechanical speed of rotor which is same as   .With the increasing load 
conductance, the voltage in excitation control winding increases linearly to maintain 
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For a change of load conductance by 60 % from the given value, the voltage in 
excitation control winding changes by 13.6 %. This variation is independent of the 
value of the rotor speed. The simulation results and experimental results match each 
other, thereby confirming the accuracy of the developed steady-state model of the 
generator. 
The variation of the current in excitation control winding for the same change of load 
conductance for the four different values of rotor speed is illustrated in Fig. 6.3.1.2. 
For the higher values of the rotor speed, the excitation control winding current 
decreases with the increasing load conductance. However, for lower values of rotor 
speed, this current increases with the increasing load conductance. For the highest 
value of the rotor speed considered, the excitation control current decreases by 18.3 
% when the load conductance is increased by 60 %. For the same change in the load 
conductance, the excitation control winding current increases by 65.6 % at the lowest 
value of rotor speed. This is because at the lower speed of the prime mover, the 
excitation control winding supplies the real power to the load and at the higher speed 
of the prime mover, excitation control winding absorbs the additional generating 







































































Sp=1580(S) Sp=1570(S) Sp=1535(S) Sp=1510(S) Sp=1580(E) Sp=1570(E) Sp=1535(E) Sp=1510(E)





















Sp=1580(S) Sp=1570(S) Sp=1535(S) Sp=1510(S) Sp=1580(E) Sp=1570(E) Sp=1535(E) Sp=1510(E)
122 
 
The simulation results denoted by ‘S’ follow the same pattern as those of the 
experimental results denoted by ‘E’. The values of simulated and experimental 
results match with a very good degree of accuracy. These results verify the steady-
state modelling and the computational procedure.  












Fig.  6.3.1.3. Variation of real power in excitation control winding with changing 
load conductance 77 
 
For the lower values of rotor speed, the real power in excitation control winding 
increases with the increasing load conductance. For the lower rotor speed, the real 
power in excitation control winding increases by 100 % when the load conductance 
is increased by 60 %. However, for the higher values of the rotor speeds, the real 
power in excitation control winding goes in the opposite direction and decreases with 
the increasing load conductance as shown in Fig. 6.3.1.3. As discussed in Fig. 
6.3.1.2, at the lower rotor speeds, the excitation control winding supplies the deficit 
real power requirement at the output. Thus, when the load is increased, the real 
power required from the excitation control winding increases. This may cause an 
increase in both the current and the voltage in the excitation control winding.  
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However, at the higher rotor speeds, the excitation control winding absorbs the 
additional power generated by the generator. Therefore, the real power in excitation 
control winding is obtained as a negative value. When the load is increased, the 
output winding requires more real power in order to maintain a constant output 
voltage and frequency. Thus, the real power supplied to the excitation control 
winding decreases, resulting in a decrease in the current in the same winding. At the 
highest rotor speed, the real power in excitation control winding decreases by 32 % 
when the load conductance is increased by 60 %. Simulation and experimental 
results denoted by ‘S’ and ‘E’ respectively strongly match each other, thereby 
verifying the accuracy of the developed model. 
In order to ensure that the voltage remains unchanged at the output, the variation of 
current in the same winding with the changing of load is illustrated in Fig. 6.3.1.4. It 
is noticed that for all the rotor speeds, the current in the output winding increases 
almost linearly with the increasing load conductance. 
 









Fig.  6.3.1.4. Variation of output winding current with changing load conductance 78 
 
Regardless of the value of the rotor speed, the output winding current increases by 
32.8 % when the load conductance is increased by 60 %. The real power 
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consumption of a unity power factor load can be given as  
  
 
 . Since  
 
 
 is increasing 
from left to right along the horizontal axis, the real power consumption increases 
with the increasing load conductance as the voltage at the output remains unchanged. 
Therefore, the winding current increases to achieve this power level. However, this 
current is independent of the speed of the prime mover. The obtained simulated 
results are shown by the broken lines denoted by ‘S’ and corresponding experimental 
results are shown by the markers denoted by ‘E’. The greater degree of agreement 
between these two results confirms the accuracy of the steady-state model. 
Due to the limited resources in the laboratory, the mechanical torque could not be 
measured experimentally. However, the input mechanical power and the mechanical 
torque were obtained using the Matlab simulations. The variation of input 
mechanical power with the changing load conductance is illustrated in Fig. 6.3.1.5. 










Fig.  6.3.1.5. Variation of input mechanical power with changing load conductance 
79 
Input mechanical power increases almost linearly with the increasing load 
conductance. The input mechanical power increases by 11.1 % and 30 % for the 
highest and the lowest rotor speeds respectively when the load conductance is 
increased by 60 %. Since the power consumption at the output winding increases 
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when the load is increased, the mechanical power increases to supply the real power 
requirement at the output. However, this is not possible for all the rotor speeds. Thus, 
the deficit of real power is supplied from the ESS connected at the terminals of the 
excitation control winding. On the other hand, when the input mechanical power is 
higher than what is required at the output, the additional power is stored in the ESS. 
At the lowest rotor speed considered in this analysis, the renewable energy source 
supplies the lowest power, and at the highest rotor speed, it supplies the highest real 
power to the generator. Thus, at the lower speeds of the prime mover, the real power 
is supplied from the excitation control winding and at the higher speeds of the prime 
mover, the real power is absorbed by the excitation control winding as shown in Fig. 










Fig.  6.3.1.6. Variation of mechanical torque with changing load conductance 80 
 
The change in mechanical torque with the changing load conductance is illustrated in 
Fig. 6.3.1.6. Similar to the variation of input mechanical power, the mechanical 
torque also increases with the increasing load conductance.  
6.3.2 Changing the Lagging Power Factor Load 
In this section, the system behaviour due to changing the general resistive and 
inductive load is studied using the simulation results obtained using Matlab. The 
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normal operating point is selected to generate 230 V/ 50 Hz at the output winding of 
the single-phase generator. Similar to Section 6.3.1, at the normal operating point, 
the output winding current is considered as 56.6 % of full-load current at desired 
output voltage. Considering the reactance to the resistance ratio changes 
proportionately and maintains at 0.75 for all the test cases, the operating parameters 
required to produce this condition are calculated using (4.4.80)-(4.4.82) and 
presented in Table 6.3.2.1.  
 
Table 6.3.2.1                                                                                                                                                                                                   
Operating parameters required to obtain the normal operating point15 
Parameter Values  
Fixed capacitance (µF) 55.6 
Load resistance (Ω) 59.8 
Load inductance (H) 0.1427 
Rotor speed (rpm) 1510 
 
In order to obtain the output voltage and the frequency as at the normal operating 
conditions, the same test is repeated for different lagging power factor load at the 
same rotor speed. For better understanding of effect of changing load on system 
variables, the test is continued for another three different values of the rotor speeds 
with the fixed capacitance remains at the original value. Obtained simulation results 
are depicted using Fig. 6.3.2.1-6.3.2.6. The horizontal axis shows the load 
admittance. Thus, similar to the previous section, the loading of the generator 
increases from left to right along the horizontal axis. It is noted that, all the variables 
behave almost in the same manner as with the changing unity power factor load.  
However, the change of each system variable as a percentage of its original value 
varies than that with the resistive load. The excitation control winding voltage and 
current increase by 20% and 80% respectively for increase of the load admittance by 
20%. At the higher rotor speeds, the excitation control winding current begins to 
increase at lower load admittance than with the unity power factor load. The 
excitation control winding power and input mechanical power increase by 100% and 
50% for the change of load admittance by 66.6% and 83.3% respectively. Same as 
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Fig.  6.3.2.4. Variation of output winding current with changing load admittance84 
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Fig.  6.3.2.6. Variation of mechanical torque with changing load admittance 86 
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6.4 Changing the Fixed Capacitance 
In order to study the effect of changing the fixed capacitance on the system variables, 
the system variables are calculated for seven different values of the fixed capacitance 
while rotor speed and load impedance remain unchanged. In the first part of this 
section, the variations of system variables due to the changing fixed capacitance are 
studied for four different values of load impedances when the rotor speed remains 
unchanged at 1510 rpm. In the second part of this section, the same study is carried 
out for a rotor speed of 1580 rpm. Similar to the previous analysis, the figures 
illustrate the variation of system variables due to the changing fixed capacitance, ‘S’ 
and ‘E’ denote the simulation and experimental results respectively.  
6.4.1 Changing the Fixed Capacitance at the rotor speed of 1510 rpm 
The normal operating point is selected to generate 230 V/ 50 Hz at the output 
winding as described in section 6.3. The operating parameters are the same as those 
shown in Table 6.3.1.  
The variations of system variables are calculated using the computational techniques 
described in section 4.2 for the given set of operating parameters, while the fixed 
capacitance is changed from 20 to 50 µF. Figs. 6.4.1.1 to 6.4.1.3 illustrate the 
variations of excitation control winding related variables when the fixed capacitance 
is increased. The voltage in excitation control winding decreases with the increasing 
fixed capacitance as shown in Fig. 6.4.1.1.  
The increase of fixed capacitance by 50 % causes a 7 % decrease in the voltage in 
excitation control winding. The fixed capacitance is employed to keep the magnitude 
of excitation control winding related variables below the rated values of the machine. 
The increasing fixed capacitance increases the reactive power supply to the 
generator. Therefore, the voltage and the current in the excitation control winding 
decreases in order to maintain the reactive power balance in the system. However, 
the current in the excitation control winding decreases until it reaches the minimum 
value and then increases gradually with the increasing capacitance as it can be 
reduced no further due to the real power balance in the system. This is illustrated in 
Fig. 6.4.1.2. The current in the excitation control winding decreases by 12 % for the 
increase of the fixed capacitance by 75 % for the given operating condition. The 
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same current increases by 4.5 % when the fixed capacitance is increased by 25 %. 
The same behaviour can be observed for both the experimental and simulation 






















Fig.  6.4.1.2. Variation of current in excitation control winding with changing fixed 
capacitance 88 
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The variation of real power in excitation control winding with the changing fixed 
capacitance is illustrated in Fig. 6.4.1.3. It is clear that the real power in excitation 
control winding increases with the increasing fixed capacitance. Increasing the 
current through the fixed capacitance increases the output current in the generator, 
resulting in high resistive losses in the system. In order to compensate for these 
losses, the active power in the excitation control winding increases. This can be 
further understood with the variation of input mechanical power with the changing 















 Fig.  6.4.1.3. Variation of real power in excitation control winding with changing 
fixed capacitance 89 
 
The variation in the current in output winding is depicted in Fig. 6.4.1.4. The total 
current in the output winding increases with the increasing fixed capacitance. For the 
increase of fixed capacitance by 50 %, the current in the output winding increases by 
21.2 %. Both experimental and simulated results show the same variation in the 
output winding current with the increasing fixed capacitance.   
With the increasing fixed capacitance, the real power supplied from the renewable 
energy source decreases slightly for the lower values of the fixed capacitance. After 
reaching the maximum, it increases slightly with the increasing fixed capacitance. 
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However, it is difficult to identify changes in the input mechanical power as the 




























Fig.  6.4.1.5. Variation of input mechanical power with changing fixed capacitance 
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As demonstrated in Fig. 6.4.1.3, the generator requires additional real power to 
compensate for the resistive losses resulting from the higher current in the output 
winding. At lower rotor speeds such as 1510 rpm, the deficit real power requirement 
of the generator is supplied by the ESS.  
Thus, with the increasing resistive losses, the real power supplied from the excitation 
control winding increases while that from the renewable energy source remains 
almost unchanged. 
The variation of the mechanical torque with the changing fixed capacitance is 
illustrated in Fig. 6.4.1.6. A variation similar to that of the input mechanical power 















Fig.  6.4.1.6. Variation of mechanical torque with changing fixed capacitance 92 
 
6.4.2 Changing the Fixed Capacitance at the rotor speed of 1580 rpm 
In this analysis, the normal operating point is selected to generate the voltage of 230 
V at a frequency of 50 Hz at the output winding of the generator. At this point, the 
output winding current is considered as 56.6 % of the full-load current at desired 
output voltage. The measured operating parameters required to produce this 
condition are given in the Table 6.4.2.1.  
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Using the same operating parameters, the theoretical values of the system variables 
due to the effects of changing the fixed capacitance while all other operating 
parameters remain constants are calculated using the computational techniques given 
in section 4.2. Similar to the previous analyses, the output voltage and the frequency 
are maintained constant at the normal operating conditions. When the rotor speed is 
unchanged, the same test is repeated for another three different values of the load 
impedances. The effects of changing the fixed capacitance on other system variables 
are demonstrated in Figs. 6.4.2.1-6.4.2.7.   
Table 6. 4.2.1                                                                                                                                                                                                   
Operating parameters required to obtain the normal operating point16 
Parameter Values  
Fixed capacitance (µF) 30 
Load impedance (Ω) 93.4 
Rotor speed (rpm) 1580 
 
The variation of the voltage in excitation control winding with the changing fixed 











Fig.  6.4.2.1. Variation of voltage in excitation control winding with changing fixed 
capacitance 93 
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Similar to the previous analysis, the voltage in the excitation control winding 
decreases with the increasing fixed capacitance. For a change in fixed capacitance of 
50 %, the voltage in excitation control winding decreases by 8.5 %. Figure 6.4.2.2 
depicts the variation in current in the excitation control winding when fixed 
capacitance is increased. This behaviour differs from that of the previous analysis. 
The increase in the speed of the prime mover increases the mechanical power 
supplied by the renewable energy source. Thus, the input mechanical power will 
balance a portion of the resulting resistive losses due to the increase in fixed 
capacitance. In order to balance the reactive power of the system, the current in the 














Fig.  6.4.2.2. Variation of current in excitation control winding with changing fixed 
capacitance94 
This behaviour can be better understood using Fig. 6.4.2.3 which illustrates the 
variation in real power in the excitation control winding with the changing fixed 
capacitance. At the higher speed of the prime mover, the excitation control winding 
absorbs the real power generated by the generator system. Therefore, in Fig. 6.4.2.3, 
this power is presented as a negative value. However, the amount of the real power 
absorbed by the excitation control winding decreases with the increasing fixed 
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capacitance. The real power in excitation control winding decreases by 16.4 %, when 
the fixed capacitance increases by 50 %. This is proportional to the increase in the 













Fig.  6.4.2.3. Variation of real power in excitation control winding with changing 
fixed capacitance95 
Similar to the Fig. 6.4.1.4, the variation in current in output winding increases with 
the increasing fixed capacitance. This is depicted in Fig. 6.4.2.4. 
Unlike the previous analysis, the input mechanical power decreases with the 
increasing fixed capacitance. This is illustrated in Fig. 6.4.2.5. Since both the voltage 
and current in the excitation control winding decrease in order to maintain the 
reactive power balance in the system, the input mechanical power cannot be further 
increased at a fixed consumer demand at the output. The input mechanical power 
decreases by 6 % when the fixed capacitance is increased by 50 %.  
The variation in the mechanical torque due to the changing fixed capacitance is 
illustrated using the simulation results in Fig. 6.4.2.6. The mechanical torque follows 
the same behaviour in the input mechanical power to keep the rotor speed constant as 
given at the beginning.   
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Fig.  6.4.2.5. Variation of input mechanical power with changing fixed capacitance97 
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Fig.  6.4.2.6. Variation of mechanical torque with changing fixed capacitance98 
 
6.5 Changing the Rotor Speed 
In order to extract the maximum power available from the renewable energy source, 
the proposed energy conversion system employs an unregulated prime mover. 
Depending on the speed of the prime mover, the system variables will be changed. 
Therefore, prior to designing the controlled system, it is necessary to study the 
effects on the system variables when the speed of the prime mover is changed. These 
analyses are carried out for two different load conditions as described in sections 
6.5.1 and 6.5.2. 
6.5.1 Changing Rotor Speed at the Load Impedance of 93.4 Ω 
Similar to the previous analyses, the normal operating condition of the machine is 
selected to generate the voltage and the frequency of 230V and 50 HZ respectively at 
the output.  The output winding current is considered as 56.6 % of the full-load 
current at desired output voltage. The operating parameters required to produce this 
condition are given in Table 6.5.1.1. All the operating parameters with the exception 
of the rotor speed are kept constant under the normal operating condition and the 
values of the system variables in steady-state are calculated using the computational 
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techniques described in section 4.2. The same test is repeated for another six fixed 
capacitances. These results are compared with the corresponding experimental values 
and shown by the figures later in this section. Similar to the previous analyses, ‘S’ 
and ‘E’ denote the simulated and the experimental results respectively.  
Table 6. 5.1.1                                                                                                                                                                                                   
Operating parameters required to obtain the normal operating point17 
Parameter Values  
Fixed capacitance (µF) 40 
Load impedance (Ω) 93.4 
Rotor speed (rpm) 1560 
 
The variations in voltage, current and real power in the excitation control winding 













Fig.  6.5.1.1. Variation of voltage in excitation control winding with changing rotor 
speed99 
Since the input mechanical power increases with the increasing rotor speed, the real 
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excitation control winding decreases with the increasing rotor speed until the current 
reaches the minimum value. Up to this point, the real power in the excitation control 
winding is positive and decreases with the increasing rotor speed. This is due to the 
real power supplied from the ESS at the low rotor speeds.   After the excitation 
control winding starts to absorb the additional real power generated by the system, 
both the real power and the current in the same winding gradually increases with the 
increasing rotor speed to maintain the real power balance in the system. The same 














Fig.  6.5.1.2. Variation of voltage in excitation control winding with changing rotor 
speed 100 
 
The dependency of the current in output winding with the changing rotor speed is 
depicted in Fig. 6.5.1.4. It is noted that the current in output winding remains 
unchanged with the increasing rotor speed. Thus, the current in output winding is 
independent of the rotor speed. Figures 6.5.1.5 and 6.5.1.6 illustrate the simulated 
results of the variations of input mechanical power and mechanical torque with the 
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Fig.  6.5.1.3. Variation of real power in excitation control winding with changing 
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Fig.  6.5.1.6. Variation of mechanical torque with changing rotor speed 104 
The input mechanical power increases with the increasing rotor speed. The 
mechanical torque follows the same behaviour as that of the input mechanical power 
at a constant fixed capacitance and a consumer load.  
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6.5.2 Changing Rotor Speed at the Load Impedance of 52.9 Ω 
Similar to the previous analyses, the voltage and the frequency at the output are 
selected as 230V and 50 HZ respectively as the normal operating condition of the 
machine.  The output winding current is considered as the full-load current at desired 
output voltage. The operating parameters required to produce this condition are given 
in Table 6.5.2.1.  
The variations of system variables in steady-state due to the changing rotor speed are 
analysed for the given set of operating parameters. The same test is repeated for 
another six fixed capacitances at the constant load impedance of 52.9 Ω.  The 
simulation and the experimental results are demonstrated using the figures shown 
later in this section.  Similar to the previous analyses, ‘S’ and ‘E’ denote the 
simulation and the experimental results respectively.  
Table 6. 5.2.1                                                                                                                                                                                                   
Operating parameters required to obtain the normal operating point18 
Parameter Values  
Fixed capacitance (µF) 40 
Load impedance (Ω) 52.9 
Rotor speed (rpm) 1560 
 
The variations in voltage, current and real power in the excitation control winding 
due to the changing rotor speed are illustrated in Figs. 6.5.2.1 to 6.5.2.3 respectively. 
All these variables follow the same behaviour demonstrated by Figs. 6.5.1.1 to 
6.5.1.3 respectively. However, the current in the excitation control winding reaches 
the minimum at a higher rotor speed than that described in section 6.5.1. Since the 
real power consumption at the output winding increases with the increasing load, the 
ESS needs to supply the deficit power for a broad range of rotor speeds. Thus, the 
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Fig.  6.5.2.3. Variation of real power in excitation control winding with changing 
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Fig.  6.5.2.6. Variation of mechanical torque with changing rotor speed110 
 
Figure 6.5.2.4 illustrates the variation of current in the output winding with the 
changing rotor at the consumer load of 52.9 Ω. As discussed in the section 6.5.1, the 
current in the output winding is independent from the rotor speed.  
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The variations in input mechanical power and mechanical torque are depicted in Fig. 
6.5.2.5 and 6.5.2.6 respectively. These two variables are slightly higher than in the 
magnitude when compared with the same results presented in section 6.5.1. 
However, both the analysis presents the same behaviour of the input mechanical 
power and mechanical torque with changing rotor speeds.  
6.6 Chapter Conclusions 
By observing all the results presented in the preceding sections, it is concluded that 
the developed steady-state model, computational techniques and experimental 
measurements are accurate. Since the effect of changing each operating parameter on 
the system variables are known, the characteristics of the novel single-phase 
induction generator can be understood. Especially, the knowledge of generator 
characteristics with changing load and rotor speed is important to use it as an off-grid 
generation plant. Since the mechanical power absorbed by the generator varies with 
the fluctuations of renewable energy source, the sizing of ESS can be estimated using 
the obtained results. In general, at the rotor speed higher than 1540 rpm, the 
generator is capable of supplying load demand without using the battery energy 
supply. However, when the load demand is low, with the increasing rotor speed, the 
excitation control winding current will exceed the rated value at the lower 
capacitance. For the safe operation of the generator, these analyses can be used when 
designing a small-scale energy conversion system that can be utilized in a renewable 
energy generation scheme. The designing of the ESS, bi-directional DC-AC inverter, 
regulating the output voltage and the frequency and analysis of the influence of wind 








CHAPTER 7- ENERGY MANAGEMENT 
SYSTEM 
7.1 Introduction 
This chapter presents the design and control of a renewable energy generation system 
employing the novel single-phase induction generator. The selection of the most 
suitable characteristics of each component of the energy conversion system is 
important to improve the quality and the efficiency of the generator scheme in an 
effective and economically friendly manner. In order to achieve these objectives, the 
following attempts are made in this chapter. 
Due to the intermittent nature of renewable energy sources such as wind and hydro, 
the generation of electricity using these sources introduces more uncertainties at the 
output of the generator. Also, due to the varying load demand in the isolated power 
generation schemes, it becomes a huge challenge to maintain a constant voltage and 
a constant frequency at the output.    Thus, it is necessary to have an energy storage 
system. The ESS used with the proposed single-phase generator plays a vital role in 
maintaining the voltage and the frequency constant at the output winding. When the 
availability of the renewable energy source is high, the additional power generated in 
the system is stored in the ESS, whereas in other situations where the availability of 
renewable energy source is low, it supplies the deficit power requirement at the 
output in order to supply the constant voltage at constant frequency to the consumer 
load. This ESS should be capable of storing a reasonable amount of energy for the 
desired operation.  Thus, the size of the ESS is highly important if it is to produce the 
desired output at all the times. However, due to the capital investment required for 
the installations, ESS should be carefully and specifically designed for a particular 
generation scheme. 
The energy stored in the DC ESS needs to be converted into AC before being 
supplied to the generator output. On the other hand, the generated AC power needs to 
be converted into DC before being stored in the BESS. Thus, a bi-directional inverter 
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which is capable of converting DC to AC and AC to DC should be connected at the 
terminals of the excitation control winding. Also, this converter should be capable of 
supplying most of the reactive power requirements of the generator system. Due to 
the economic factors, the inverters with high power ratings are not appropriate for 
small scale renewable energy generation schemes. Thus, in this thesis, a bi-
directional inverter with low power ratings is designed to to be used with a step-up 
voltage transformer connected at the AC side. 
In selecting the prime mover of the ECS, the power ratings and the speed should 
match the load demand at the output of the generator. Also, it is necessary to know 
the gradients of the torque-speed characteristics curves of different types of prime 
movers in order to decide which types of gradients are suitable for this generator 
configuration. Thus, in this thesis, the influence of the gradient of torque-speed 
characteristics curves on the system variables is taken into account when selecting a 
suitable prime mover for this energy conversion scheme. 
In order to generate the constant voltage at constant frequency at the output, a control 
system needs to be designed for this ECS. As the first step of the design process, the 
developed dynamic model of the single-phase induction machine in the stationary 
‘αβ’ reference frame (presented in Chapter 3) is used to obtain the equivalent circuit 
of the generator in synchronous reference frame. In the next step, the transfer 
function of the ECS is obtained using the developed dynamic equations. In order to 
develop the feedback control system of the generator scheme, the coefficient of 
Proportional (P) and Integral (I) terms are calculated using the derived closed-loop 
transfer function. A comprehensive analysis of the performance of the controlled 
system is presented later in this chapter.   
 
7.2 Sizing of Battery Energy Storage System 
A pack of one or more electrochemical cells is known as a battery. Depending on the 
weather conditions, the battery will charge or discharge to balance the real power in 
the renewable energy generation scheme. Prior to sizing the BESS, it is essential to 
understand the behaviour of a battery during both charge and discharge conditions. 
The voltage of a battery depends on three factors: current, temperature and the state 
of charge [149]. In the process of sizing the BESS, it is assumed that they are 
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operating at the ambient temperature of 25
0
C. The voltage and the current are 
calculated for both the charging and discharging conditions as discussed below.   
The energy storage in a battery is typically given in Ampere-hour (Ah) at the 
nominal voltage and a specified discharge rate. However, a typical battery of the 
nominal voltage of 48 V will reach the maximum and the minimum values of the 
voltage of 52 V and 44 V when charging and discharging respectively. The required 
storage capacity of the battery is calculated for the continuous operation of the ECS 
during the days or the periods when the availability of the renewable energy supply 
is extremely low. However, satisfying these conditions increases the size of the ESS 
than the average requirement throughout the rest of the year [69]. In this study, the 
storage system is designed to supply the real power at the output of the generator for 
a continuous three days. The maximum real power absorbs or releases by the ESS 
depending on the ratings of voltage and current in the excitation control winding. In 
order to maintain the voltage and current in the same winding below the rated values 
of the machine, the maximum power supply from the ESS is considered as 1/3 of the 
rated power of the three phase-induction generator. Since a 3 kW three-phase 
induction machine is employed for experimental purposes, the maximum power 
supplied by the ESS is considered as 1 kW. 
The maximum energy supplied by the inverter to the generator system during a day 
can be calculated as [150] 
       𝑠   𝑙                            (7.2.1) 
If the total efficiency of the inverter and the step-up voltage transformer is 80 %, the 
DC power required from the battery can be given as [150] 
    𝑜               𝑜          
       𝑠   𝑙                 
           𝑜               𝑠 𝑠   
 
      
   
   
 (7.2.2) 
Considering the nominal voltage of the battery is 48 V, the DC power required from 
the battery can be given in the unit of ampere-hour as in (7.2.3) [150]. 
    𝑜               𝑜               
      
   
 
 
    
  (7.2.3) 
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The battery is required to supply the load demand for a continuous three days. Thus, 
the usable storage of the BESS can be calculated as (7.2.4) [150].  
 𝑠  𝑙    𝑜     
    𝑜               𝑜                      𝑜     𝑠  
      
   
 
 
    
 
     𝑠    (7.2.4) 
Discharging a battery below the minimum allowable value of the capacity will 
reduce its life time or destroy the battery. Therefore, the maximum allowable depth 
of discharge (DOD) is a crucial factor to be considered when sizing the BESS. 
Assuming the maximum allowable DOD is 80% and allowing 10% of additional 
daily energy consumption due to expose to a different temperature and the battery 
losses, the capacity of the BESS can be calculated using (7.2.5) as [150] 
                 
              𝑠      
                 
           (7.2.5) 
The rate of discharge can be obtained by the ratio of the Ampere-hour capacity and 
the period of discharging time. Thus, the current delivered during the discharging 
period can be calculated by (7.2.6). 
  𝑠                  
                            𝑜  
    𝑜  𝑜    𝑠      
 (7.2.6) 
The current delivered over a period of one hour using a 48 V, 2578.1 Ah of proposed 
ESS is calculated as 
   
          
      
        (7.2.7) 
Since, in a practical system, the charging losses will be 40% of the capacity of the 
battery, the total storage capacity is equal to 
  𝑜                                                              
 (7.2.8) 
Thus, the rate of charge can be defined as the ratio of storage capacity and 
discharging current. Thus, the rate of charge of the ESS can be calculated by 
      𝑜         
  𝑜                         𝑜  
  𝑠                
  (7.2.9) 
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Substituting from (7.2.7) and (7.2.8), the rate of charge (h) is calculated as 
  
         
      
         (7.2.10) 
The discharge behaviour of the BESS for the rate of C/72 is illustrated in Fig. 7.2.1. 
The voltage characteristics during the battery discharge can be interpolated using 4th 
order polynomials as (7.2.11). 
                                                                
                                           













Fig. 7.2.1 Discharging characteristics of the ESS 111 
 
7.3 Design of Bi-directional DC-AC inverter 
During the discharging mode of the BESS, the DC current should be converted to 
sinusoidal AC current in order to comply with the generator regulations. Similarly, 
during the charging mode of the BESS, the sinusoidal AC current supplied by the 
 


































generator system needs to be converted into DC in order to store it in the batteries. 
Thus, a converter which is capable of functioning in both directions should be 
employed in the excitation control winding of the single-phase induction generator. 
The general topology of a bi-directional inverter is depicted in Fig. 7.3.1.   
In addition to the function of the bi-directional inversion, there are several important 
factors to be considered when designing a converter circuit. Since the ideal circuits 
do not exist in the real world, the output power is less than the input of the converter 
circuit. Thus, the efficiency of the proposed bi-directional inverter is a crucial factor 
to be taken into account when designing the converter circuit. 





Fig. 7.3.1. General topology of the bi-directional conversion process 112 
 
During the AC-DC conversion, it is not realistic to obtain an ideal DC output. Output 
will contain the ripple of the AC source. Thus, the ripple of the DC output is one of 
the most important factors to be considered. Similarly, during DC-AC conversion, if 
an inappropriate filter is selected at the AC side of the converter, the total harmonic 
distortion (THD) of the output AC signal will be increased. The sizing of the filter 
capacitors is essential when designing the converter circuit. During both the charging 
and the discharging process of the BESS, the DC voltage across the batteries will 
vary with the time. As discussed in section 7.2, it is essential to maintain the 
maximum and the minimum voltage at all the time to ensure the years of safe 
operation of the batteries. Therefore, the regulation of the ESS is another important 
factor to be taken into account. In addition to these operational factors, several 
external factors must be considered when designing the bi-directional inverter of the 
ECS. Size, weight and cost are the major physical characteristics of the converter that 
















converter system is more important for the continuous operation of a renewable 
energy generation scheme.   
In order to step up and down the converter voltage during DC-AC and AC-DC 
conversion, the boost and buck converters can be employed as the DC-DC converters 
of the conversion process respectively. However, these converters cannot provide the 
bi-directional power flow required by this ECS [151]. A comprehensive review of 
different types of converters is given in [93]. In order to design a converter circuit 
based on the operational and the physical characteristics discussed above, the DC-
DC converter circuit is replaced by a filter capacitor connected at the DC side and 
step-up voltage transformer connected at the AC side of the converter. Among the 
AC-DC converter topologies i.e. half-bridge PWM AC-DC converter, full-bridge 
PWM AC-DC converter and three-level PWM AC-DC converter, the second type of 
the converter system is selected for the proposed ECS. The schematic diagram of the 









Fig. 7.3.2. Application of full-bridge PWM bi-directional single-phase AC-DC 
converter in the renewable ECS 113 
When the bi-directional converter operates as an inverter, the combination of the 
transistors T1 and T4 or T2 and T3 is turned on to apply the DC voltages as a 
sinusoidal voltage across the AC side of the converter. If the DC voltage is 
considered as Vdc, when T1 and T4 are turned on, the voltage at the AC side will be 
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will be –Vdc. This output waveform is boosted by the turns ratio of the transformer. 
Using the inductive and resistive components connected at the ac side, the output 
waveform is smoothed out to form the desired sin wave.  
During the rectifier mode of operation of the bi-directional converter, internal diodes 
are forward biased to circulate the current through the rectifier circuit. If the 
amplitude of the sinusoidal AC voltage is considered as Vac, this voltage is stepped 
down by the turns ratio of the transformer connected at the AC side of the converter. 
At the positive half cycle of the sinusoidal voltage, internal diodes of transistors T1 
and T4 forward bias and generate the voltage of +Vac’ across the capacitor parallel to 
the ESS.  Similarly, at the negative half cycle of the AC voltage, internal diodes of 
transistors T2 and T3 become forward biased and generate the same voltage across 
the capacitor.  
Using the PWM control of each transistor, the desired output can be obtained. The 
inverter and the rectifier mode of operations of the bi-directional converter are 
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Fig. 7.3.4. Rectifier mode of operation 115 
 
The power delivered or absorbed by the ESS at point A in Fig. 7.3.5 can be written 
as, 
          𝑜𝑙                          (7.3.1) 
Using (7.2.3) and the rated voltage of the battery, power at point A can be calculated 
as, 
           
      
   
 
 
    
 
 
    
              (7.3.2) 
If the modulation index   and the efficiency of the bi-directional inverter are given, 
the peak amplitude of the voltage at the AC side of the inverter can be written as 
(7.3.3). 
            𝑜𝑙       (7.3.3) 
Assuming the efficiency of the bi-directional inverter is as 95 %, the power at point 
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Fig. 7.3.5 Bi-directional AC/DC converter 116 
 
In general, the size of the inductor    is selected to consume 5% of the power 
delivered by the inverter. Thus, the power in the inductor can be given as 
                                            (7.3.5) 
In this design, the inductor    is selected to achieve the unity power factor at the 
secondary winding of the transformer. Considering the turns ratio of the transformer 
as 1:N, the voltage and current at point F can be defined as (7.3.6) and (7.3.7) 
respectively. 
                  (7.3.6) 
                  (7.3.7) 
where    is the angular frequency of the voltage and current at the generator output. 
The power at point F can be given as 
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Assuming 15 % losses in the transformer windings and the filter, the power at point 
C can be written using (7.3.8) as, 
     
 𝑠  𝑠 
      
 
 𝑠  𝑠 
      
          (7.3.9) 
Substituting from (7.3.1) and (7.3.5), the current in the BESS can be defined as a 
sum of DC and AC components as given in (7.3.10). 
                                     (7.3.10) 
The capacitor    can be selected to smooth out the ripple of the DC current produced 
during the rectifying process of the converter.      is the equivalent series 
resistance of the selected capacitors.  
Considering the switching frequency and the cut-off frequency are 12 kHz and    
respectively, the filter capacitor    can be defined to achieve the relationship in 
(7.3.11). 
   
 
     
   (7.3.11) 
Using the calculated currents and voltages, the turns ratio of the transformer to 
deliver the desired voltage can be determined. Thus, the size of the required 
transformer can be selected.  
The capacitor    connected in parallel with the secondary side of the step-up 
transformer delivers most of the reactive power requirement of the single-phase 
induction generator.  The maximum power absorbed or supplied by the excitation 
control winding is equal to the per-phase rated power of the three-phase induction 
machine at the rated current. Thus, the maximum reactive power to be supplied by 
the capacitor    can be calculated as 
             
            
  
   
  (7.3.13) 
The minimum capacitance required to deliver the reactive power at the rated 
conditions can be determined by 
    
   
   𝑠 
     (7.3.14) 
The system specifications of the proposed bi-directional AC/DC converter are given 
in Table 7.3.1. 
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Table 7.3.1                                                                                                                                                                                                   
System specification of the bi-directional AC/DC converter19 
Property Value 
AC Side 
      𝑠  
230/√3 V (rated) 
   ≤ 230 V 
      𝑠       6.4 A 
          1000 W 
frequency 50 Hz 
DC Side     
48 V (rated) 
44 V ≤     ≤ 52 V 
 
Assuming the converter power factor is 0.98, power, voltage and current at each 
point of the bi-directional AC/DC converter are calculated using the aforementioned 
methods and shown in Table 7.3.2. In order to select the same ratio between the 
currents and voltages in primary and secondary windings of the transformer, the 
power factor of the excitation control winding is considered as 0.8034. 
Table 7.3.2                                                                                                                                                                                                   










Voltage (V) Current (A) 
A 1250.0 - - 48.0 26.0 
B 1250.0 - - 48.0 26.0 
C 1187.5 1161.3 235.8 32.2 0 36.8 -0.2003 
L1 59.4 13.5 57.3 1.6 1.140 36.8 -0.2003 
D 1161.5 1149.1 178.7 31.6 -0.046 36.8 -0.2003 
E 9.5 -0.00003 -9.5 31.6 -0.046 0.30 1.5248 
After 
E 
1162.9 1147.6 187.9 31.6 -0.046 36.8 -0.2083 
F 1012.8 1012.8 0.0 27.9 -0.046 36.3  -0.046 
G 1012.8 1012.8 0.0 195.1 -0.046 5.19  -0.046 
H 741.4 12.5 -741.2 195.1 -0.046 3.8  1.5079 




The simulation parameters of the bi-directional AC/DC converter are listed in Table 
7.3.3. At the frequencies of 10 kHz to 20 kHz, the ripple current factor of a capacitor 
of 3900 μF is 1.2 at 100V.  The ripple current rating of the capacitor is given as 5400 
mA. Thus, at 12 kHz, each capacitor can handle the current of 1.2 x 5400mA = 6.48 
A. In order to smooth the ripple current of 26 A, four capacitors with above ratings 
are needed to connect in parallel with the BESS. 
Table 7.3.3                                                                                                                                                                                                   
Simulation parameters of the bi-directional AC/DC converter21 
Parameter Value 
Ripple current factor at 10-50 kHz 1.15 
   3900 µF *4 
     0.045 * 4 
Modulation Index   0.95 
   135.9 µH 
     0.01 Ω 
   30 µF 
     0.06 Ω 
Cut-off frequency    15661 rad/s 
Turns Ratio 1:N 1:7 
   62.0 µF 
     0.7 Ω 
 
The required values of the transformer parameters to achieve the predicted results are 
given in Table 7.3.4.  
Table 7.3.4                                                                                                                                                                                                   
Transformer parameters 22 
Parameter Primary Winding Secondary Winding 
Winding resistance (Ω) 0.05 2.45 
Winding Inductance (H) 2.55 x 10
-5
 1.25 x 10
-3
 
Core resistance (Ω) 1348.5 
Magnetizing Inductance (H) 0.0146 
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7.4 Wind Turbine Characteristics 
Small-scale wind turbines are generally rated at 10 kW or less. When a consistent 
wind flow is available throughout the day, a 10 kW wind turbine generates 25000 
kWh while a 3 kW wind turbine generates 9000 kWh per year. Thus, it is important 
to select an appropriate size of prime mover for the continuous operation of the wind 
energy generation system.  Figure 7.4.1 shows the estimated annual power 
generation of different wind turbines with different wind speeds [152]. The generator 
employed in the wind energy generator scheme described in this thesis consumes the 
maximum real power of 2 kW. Therefore, the required energy generation can be 
calculated as  
                        𝑜                   𝑠  
                        (7.4.1) 
However, the load demand may vary from time to time. The additional amount of 
power supplied by the prime mover is stored as DC power in the batteries connected 
at the excitation control winding. Therefore, a portion of the annual energy 
requirement can be supplied by the BESS. In order to achieve the estimated energy 
requirement of a year, a wind turbine with the power ratings of 5 kW or more is 















The annual average wind speed in the country varies according to the location. Rural 
areas, hilltops, coastal line and tall buildings in the city can capture strong wind 
resources. Before building the wind generation scheme, the wind patterns in the 
selected locations have to be monitored to determine the confidence in the turbine’s 
performance. When the turbine speed is high enough to overcome the friction, it will 
start to produce the power. This start-up wind speed is usually below 3 m/s. 
Therefore, the annual average wind speed at the selected location should be at least 4 
m/s. The annual average wind speed at 9 am and 3 pm at a selected location is 
depicted in Fig. 7.4.2 and 7.4.3 respectively [153]. At 9 am, the annual average wind 
speed varies between 4.7 m/s and 6.1 m/s, whereas at 3 pm this variation is between 











Fig. 7.4.2 Annual average wind speed at 9 am118 
 
In this thesis, a 5 kW vertical axis wind turbine with the specifications given in Table 
7.4.1 is selected as the suitable prime mover of the renewable energy generation 
scheme. The turbine starts to generate the power at the start-up wind speed of 1.5 
m/s. The maximum rotating speed of the turbine is limited to 260 rpm even at the 
wind speeds of 30 m/s or 40 m/s.  The power curve of the wind turbine with different 





























Location: 009789 ESPERANCE 
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wind speed of 7.5 m/s. At the wind speeds below 7.5 m/s, the wind turbine is not able 
to produce the required power at the generator output. However, if installed at the 
given location, this turbine will generate more power than required at the output.   
In addition to the size, the maintenance requirement and its safety ratings have to be 
considered when selecting a wind turbine. Also, the noise of the turbine is crucial if it 
is going to be located in a metropolitan area. An acceptable clearance has to be 














Fig. 7.4.3 Annual average wind speed at 3 pm119 
Table 7.4.1                                                                                                                                                                                                   
Technical specification of 5 kW H-type vertical axis wind turbine23 
Rated Power 5 kW 
Maximum Output Power 6 kW 
Rotor Height 3.6 m 
Rotor Diameter 3.0 m 
Number of blades 3 
Start-up Wind Speed 1.5 m/s 
Rated Wind Speed 10 m/s 













































Fig. 7.4.4 Power curve of wind turbine with the different wind speeds 120 
The power extracted from the wind by the prime mover depends on the power 
coefficient of the turbine. Thus, a wind turbine can be characterized by curve of 
power coefficient to tip-speed ratio. The tip-speed ratio can be defined as 
              𝑜     
     
  
    (7.4.2) 
The power coefficient is expressed by various approximations. In this thesis, the 
power coefficient       to tip-speed ratio of the selected wind turbine is 
approximated by a 5
th
 order polynomial given in (7.4.3). 
               
                                              
         
 (7.4.3) 

















































Fig. 7.4.5 Power coefficient verses tip-speed ratio121 
 
The mechanical power of a wind turbine as a function of power coefficient can be 
given by 
   
 
 
        
         (7.4.4) 
When the turbine rotates at the speed of     , the mechanical torque of the turbine is 
defined as 
   
 
 
           
         (7.4.5) 
The torque coefficient       is given as 
      
     
 
    (7.4.6) 
After applying the gear ratio of 1:23 in between the wind turbine and the generator, 
the variations of the mechanical torque with the rotational speed at different wind 
speeds are depicted in Fig. 7.4.6.  
Considering the wind turbine is operated on after peak region of the torque-speed 
characteristics curve, both the electromagnetic torque and the mechanical torque can 
 
 
























be plotted in the same graph as in Fig. 7.4.7. The operating speed of the generator 































Fig. 7.4.7 Electromagnetic and mechanical torque speed characteristics curves 123 
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The variations of output power of the wind turbine with changing rotor speeds are 

















Fig. 7.4.8 Mechanical power verses rotor speed 124 
 
7.5 Equivalent Circuit of Single-Phase Generator in Synchronous Reference 
Frame  
Using (3.3.4) and (3.3.5), the voltage equations of stator and rotor in the stationary 
‘αβ’ reference frame can be re-written as (7.5.1) and (7.5.2) respectively. 
 
   
   
     
  
  
   
   
   







   
   







    
    











    
    






    
   
   




   
   
         
  
   
   
   








    




       
  
   
   
    
    
  
     
  





    
    
         
   
   
  
    
    
   (7.5.2) 
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In order to develop these dynamic equations in the synchronous reference frame, 
first, an arbitrary  reference frame is introduced such that the d-axis is leading the α-
axis by angle ‘δ’ and q-axis is leading the d-axis by 90 degree. It is assumed that the 
arbitrary reference frame is rotating at a speed of     . This transformation is 










Fig.  7.5.1.  dq transformation of αβ quantities125 
 
In the stationary ‘αβ’ reference frame, the vectors represent the sinusoidal currents 
and voltages of the induction generator can be represented by two separate 
components perpendicular to each other. One of the two vector components is 
assumed to be aligned with the α–axis, whereas the second vector component is 
perpendicular to the first one, i.e. aligned with the β-axis.  
First, considering the excitation control winding related variables, the vector 
components of both voltage and current in the β-axis are equal to zero under all 
conditions since the axis of this winding is aligned with the α-axis. Thus, the vector 
component of the current in the α-axis can be given in (7.5.3). 
          (7.5.3) 
Similarly, the vector component of the voltage in α-axis can be written as  
          (7.5.4) 
The vectors of voltage and current in the output winding can be obtained using the 
vector sum of the b-axis and c-axis in the ‘abc’ reference frame. Using (4.4.7) and 
 
 











 𝑠  𝑠  




(4.4.16), voltage and current vector components in the β-axis can be written as 
(7.5.5) and (7.5.6) respectively.  
          (7.5.5) 
          (7.5.6) 
However, the vector components of both voltage and current in output winding along 
the α-axis become zero since vector sum of b-axis and c-axis are equal in magnitude 
and opposite in direction.  
The vector components of stator currents and voltages in the α–axis and β–axis can 
be presented in matrix format in (7.5.7) - (7.5.10) respectively. 
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        (7.5.9) 
 
    
    
   
 
 
        (7.5.10) 
The αβ quantities of currents and voltages of both stator and rotor can be transformed 




   
         




   (7.5.11) 




   
        




   (7.5.12) 
Using (7.5.7) – (7.5.12), the voltage equations of stator and rotor in (7.5.1) and 





    
    
      
    
    




    
    




    
    
        
   
  
   
    
    
  
      
   
  
   
    
    
   (7.5.13) 
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   (7.5.20) 
Depending on the value of the speed of the arbitrary reference frame, the voltage 
equations of stator and rotor can be obtained in different reference frames. When the 
speed of the arbitrary reference frame is equal to the angular velocity of the supply 
voltage, the voltage equations can be obtained in synchronous reference frame. Thus, 
the stator and rotor voltages in the synchronous reference frame can be given by 




    
    
      
    
    




    
    




    
    
        
   
  
   
    
    
  
      
   
  
   
    
    
    (7.5.21) 
 
    
    
      
    
    




    
    




    
    
         
   
  
  
    
    
  
       
   
  
  
    
    








    
    
 
    
   
 
 




    
 
    




    
    
    
 
 
    
   
  
   
    
 
    
   
      
   
  
   
    
    
    
 
  
     
    
 
    
            
    
    





       
    
 
    




    
 
    




    
    
         
   
  
   
    
 
    
   
       
   
  
   
    
    
     
 
  
     
    
 
    
            
    
    
     (7.5.24) 
 
Using (3.3.12) and (3.3.13), transforming the voltage across the core loss resistance 
in the α–axis and β-axis of the two-phase induction machine into an arbitrary 
reference frame, the air-gap voltages in each axis can be defined in terms of current 
through the core loss resistance as (7.5.25) and (7.5.26) respectively. Equation 
(7.5.21) together with (7.5.23) and (7.5.25) forms the excitation control winding in 
synchronous reference frame. Similarly, (7.5.22), (7.5.24) and (7.5.26) form the 
output winding in d-axis and q-axis in the synchronous reference frame. The 
equivalent circuit of the single-phase induction generator resulting from (7.5.21) to 
(7.5.26) is illustrated in Fig.  7.5.2. 
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     (7.5.26) 
where; 
                       (7.5.27) 
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                        (7.5.28) 
                         (7.5.29) 
                          (7.5.30) 




       
              (7.5.31) 




      
             (7.5.32) 
    
          
               (7.5.33) 
    
          
              (7.5.34) 
 
When the arbitrary reference frame is rotating at the synchronous speed, the angle 
between the d-axis and the α-axis at a time t can be expressed as 
          (7.5.35) 
where the    is the angle between the d-axis and α-axis at the time is equal to zero. If 
it is assumed that the d-axis of arbitrary reference frame is aligned with the α-axis of 
stationary reference frame at t is equal to zero, this angle also becomes zero. Thus, 
the angle   can be simplified as 
       (7.5.36) 
In order to design the control system, the stator voltages in the synchronous reference 
frame need to be expressed by the measurable quantities. Using (7.5.10) - (7.5.12), 
and substituting for   from (7.5.36), the stator output voltage can be given in vector 
form as 
                  (7.5.37) 
Using this equation, the magnitude of output winding voltage can be expressed in 
terms of the voltages in d and q axes as 
         
      
  
   
 (7.5.38) 
Since all the variables are known, the instantaneous voltage of the output winding 

























Fig. 7.5.2. Equivalent circuit of excitation control winding (a) d-axis (b) q-axis and 
output winding (c) d-axis (q) q-axis of the single-phase induction generator in 
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7.6 Control System 
The quality of the renewable energy generation scheme depends on the voltage and 
the frequency of the load connected at the output. In order to maintain a good quality, 
these two parameters must be at their rated values despite the variations in available 
renewable energy source and in load demand. In this thesis, a standard PI controller 
is used for the control of both voltage and frequency at the output by regulating both 
magnitude and frequency of the voltage at excitation control winding. In addition, for 
the safety and the lifespan of the ESS, the charging and discharging characteristics of 
the battery need to be controlled. The schematic diagram of the proposed control 











Fig. 7.6.1 Control system127 
7.6.1. Battery Charging Controller 
During periods of high availability of the renewable energy source or low consumer 
demand, the battery will start to charge. If the same condition is continued for several 
hours or days, the battery will charge in fully. However, it cannot be over-charged 
due to the safety and the continuous operation of the whole system. Thus, in order to 
avoid the overcharging, the battery charging is needed to be controlled. A schematic 
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diagram of the battery charging controller depicted in Fig. 7.6.1.1 allows comparing 
the measured current of the BESS with a reference current. Using (7.2.7), this 
reference current can be calculated as 35.8 A. This reference current can be increased 
if fast charging is required. The output of the comparator determines ON or OFF of 
the switches connected before the BESS. If the measured current is higher than the 
reference current, the switch 1 is OFF whereas the switch 2 is ON and the generated 
power is dissipated through the variable resistor connected in parallel with the BESS. 
On the other hand, when the measured current is lower than the reference current, the 












 Fig. 7.6.1.1 Battery charging controller128 
 
7.6.2. Battery Discharging Controller 
In the design, the batteries are not allowed to discharge below the maximum DOD. 
Thus, similar to the battery charging, battery discharging also needs to be controlled. 
The measured discharging current is compared with the reference current which is 
the battery current at maximum DOD. Depending on the output of the comparator, 
the gate pulses of the inverter are controlled. If the measured current is above or 
equal to the reference current, generated gate pulses are applied to the inverter. On 
the other hand, if the measured current is below the reference current, the gate pulses 
are set to zero, isolating the BESS from the generator circuit. This controlling is 
illustrated in Fig. 7.6.2.1. 
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Fig. 7.6.2.1 Battery discharging controller129 
7.6.3. Closed-loop PI Controller 
Output voltage and frequency of the single-phase induction generator are controlled 
using a feedback control system depicted in Fig. 7.6.3.1.  Measured voltage at the 
output winding is compared with the reference voltage of 230 V which is the desired 
voltage at the output. The error signal is applied as the input of the proposed PI 
controller. The output of the PI controller is the modulation index (  ) of PWM bi-








Fig. 7.6.3.1 Closed loop PI controller130 
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where   𝑠  and   𝑠   are the Laplace equations of the error signal and PI control 
signal respectively.  
  𝑠  can be written as the difference between the reference voltage and measured 
output voltage in S plane as 
  𝑠    𝑠        𝑠      (7.6.3.2) 
Since the modulation index varies between 0 and 1, (7.6.3.1) and (7.6.3.2) can be re-
written as 
       𝑠        𝑠     𝑠      (7.6.3.3) 
Using (7.6.3.3),     𝑠   and   𝑠   can be written in terms of error   𝑠   as (7.6.3.4) 
and (7.6.3.5) respectively. 
    𝑠      𝑠     (7.6.3.4) 
  𝑠   
 
    𝑠     𝑠𝑜 𝑠   
 (7.6.3.5) 
Since         can be changed in between ± 230 V, the maximum error can be 
obtained at             . Thus, the ultimate gain of     𝑠  ,     can be determined 
by (7.6.3.6). 
   
 
             
        (7.6.3.6) 
In order to find out the values of proportional and integral gains using the Ziegler–
Nichols method, the oscillation period of the PI controller,   needs to be calculated. 
Using the dynamic equations, the transfer function of the generator, 𝐺 𝑠  can be 
written as  
𝐺 𝑠  
 𝑠𝑜 𝑠 
 𝑠  𝑠 
 
  𝑠
𝑠    𝑠
    𝑠    𝑠
    𝑠    𝑠
    𝑠   
 (7.6.3.7) 
where constants    to    are defined as (7.6.3.8) to (7.6.3.15). 
   
 
       
   (7.6.3.8) 
    
                            
       
      (7.6.3.9) 
   
                            
       
   (7.6.3.10) 
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   (7.6.3.11) 
   
                            
       
   (7.6.3.12) 
   
                            
       
   (7.6.3.13) 
   
                            
       
   (7.6.3.14) 
   
      
       
  (7.6.3.15) 
Constants     to     are defined in the Appendix E. 
The excitation control voltage     is controlled by the feedback response of the 
controlled system. Depending on the modulation index    , the excitation control 
voltage varies in order to maintain a constant voltage at the output. Thus, the 
excitation control voltage can be written as a function of   as 
    𝑠     𝑠      𝑠    𝑠 
    
  
  (7.6.3.16) 
where,   and    are the turns ratio of the step-up transformer and DC voltage of the 
battery respectively. 
Using (3.6.3.7) and (3.6.3.16), closed loop transfer function of the controlled system 
  𝑠  is defined as 
  𝑠  
 𝑠𝑜 𝑠 
  𝑠 
 
    
  
𝐺 𝑠   𝑠 
  
    
  
𝐺 𝑠   𝑠 
  (7.6.3.17) 
Considering the gain of the PI controller   𝑠  is as    and substituting from 
(7.6.3.7), the first two rows of the Routh array [154] of the denominator of      can 
be presented by (7.6.3.18).  
𝑠  1              
    
  
 
𝑠              
 (7.6.3.18)
 
The first row of the Routh array can be re-written as 
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𝑠    𝑠
    𝑠
          
    
  
 𝑠       (7.6.3.19) 
Substituting for    from (7.6.3.6) and 𝑠     ,   can be calculated by solving the 
polynomial equation in  (7.6.3.20). 
       
     
          
    
  
       (7.6.3.20) 
The oscillation period of the PI controller,   can be calculated by 
   
  
  
     (7.6.3.21)
The minimum value of the integral gain is obtained at the oscillation period of 0.018 
s. Values of proportional and integral gains of the proposed PI controller, calculated 
using the Ziegler–Nichols method are presented in Table 7.6.3.1. 
Table 7.6.3.1                                                                                                                                                                                                   
Proportional      and Integral       gains of proposed PI controller24 
Control Type       
PI 0.45    0.54       
PI 0.00099 0.0652 
 
7.7 Results and Discussion 
The performance of the proposed control system is determined by the simulation 
results obtained using Matlab Simulink. The simulation block diagram is given in 
Appendix F. Initially, the generator was operated under a normal operating condition 
where output voltage and frequency are at the rated values. Then, at each time, one 
variable was changed to create a disturbance to the normal operating condition. The 
resulting transients of each system variable were recorded for each test case. 
Secondly, the same disturbance was applied to the closed-loop control system. The 
changes to each system variable due to the performance of the proposed control 
system were recorded. Using the obtained results, the performance of the proposed 
control system is analysed in sub-sections 7.7.1 – 7.7.4 below. For the convenience 
of comparison, all the results presented in this section are given in per-unit values as 
defined in Appendix G.  
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7.7.1. Changes in Consumer Load 
In the first part of this section, the performance of a controlled system is studied for a 
change in consumer load with a unity power factor whereas in second section same 
analysis was performed for a change in consumer load with a lagging power factor.  
First, the generator is operating under normal operating conditions with a consumer 
load of 0.92 pu (i.e. full-load current at rated voltage) at the wind speed of 6 m/s. In 
order to study the system performance due to a change in consumer load, the load 
resistance is increased up to 1.63 pu (i.e. 67.2% of full-load current at rated voltage) 
at time t=0.2 s while wind speed remains unchanged. Fixed capacitance of 0.54 pu is 
connected in parallel with the consumer load at all the times.  
When this change is applied to the uncontrolled system, the output voltage increases 
up to 1.12 pu as shown by the broken line in Fig. 7.7.1.1. When the same change is 
applied to the controlled system, the output voltage is maintained at the rated value 











Fig.  7.7.1.1. Variation of output voltage with and without the feedback controller 
131 
In an unregulated generator system, when the load decreases, the output voltage 
increases in order to balance the real power in the system. Similar to the uncontrolled 
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system, output voltage in the regulated system increases with the decreasing 
consumer load just after the disturbance. However, after a transient period, it 
becomes stable at the rated voltage as shown in Fig. 7.7.1.1.     
The variations of output current, excitation control voltage and excitation control 
current with and without control system is illustrated in Fig. 7.7.1.2 – 7.7.1.4 
respectively. The variations of regulated system variables are shown by solid lines, 
whereas variations of unregulated system variables are shown by broken lines as 
given in the legend in each figure. With the decrease of consumer load, output 
current decreases in both the situations. However, due to the increased output voltage 
in an uncontrolled system, output current is also higher than that of a controlled 
system. In an unregulated system, excitation control voltage remains unchanged 
since the modulation index of the PWM inverter is fixed at a constant. In a regulated 
system, excitation control voltage is decreased by adjusting the modulation index of 
the inverter in order to maintain the constant voltage at the output. In both the 
scenarios, excitation control current decreases with the increasing consumer load. In 
this test, almost the same behaviour can be observed in both controlled and 











Fig.  7.7.1.2. Variation of output current with and without the feedback controller132 
 




















































Fig.  7.7.1.4. Variation of excitation control current with and without the feedback 
controller134 
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The variations in system variables due to the load change can be further studied by 
analysing the active power of the generator system. Figs. 7.7.1.5 – 7.7.1.7 illustrate 
the active power in output winding, excitation control winding and mechanical 
system respectively. In general, when the consumer load is decreased, active power 
required at the output decreases. Since in an unregulated generator, output voltage 
increases with the increasing load impedance, the active power requirement at the 
output is higher than that of the regulated system. Before the disturbance, the 
excitation control winding supplies some of the active power requirement of the 
generator as shown in Fig. 7.7.1.6. After the disturbance, this power significantly 
reduces with the decreasing consumer load demand. Therefore, in order to maintain 
the power balance in the unregulated system, input mechanical power slightly 
increases as shown in Fig. 7.7.1.7. On the other hand, in a regulated system, the 
excitation control winding absorbs the additional active power generated by 
mechanical system. However, due to the lower demand at the output, input 
mechanical power decreases after the disturbance.  
The variation of mechanical torque due to the applied disturbance is depicted on the 















Fig.  7.7.1.5. Variation of output power with and without the feedback controller 135 
 

























































Fig.  7.7.1.7. Variation of mechanical power with and without the feedback 
controller137 
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Fig.  7.7.1.8. Torque-speed characteristics of wind turbine at wind speed of 6 m/s138 
Since the power required at output winding decreases, mechanical torque in 
regulated system decreases by increasing the speed of the prime mover. This is 
illustrated using the solid arrow in Fig. 7.7.1.8. In the unregulated generator system, 
mechanical torque slightly increases by decreasing the speed of prime mover as 
shown by broken arrow.     
For the means of comparison, the numerical values of system variables with and 
without the control system are given in Table 7.7.1.1.  
 
Table 7.7.1.1                                                                                                                                                                                                   

















0.96 0.57 0.79 0.68 1.035 
Unregulated 
System 
1.12 0.7 0.91 0.65 1.026 
187 
 
Regulated and unregulated behaviour of the generator system due to change of 
lagging power factor load is illustrated using Figs. 7.7.1.9 – 7.7.1.16 below. Similar 
to previous test, initially, the generator is operating under normal operating 
conditions with a consumer load of 0.92 pu (i.e. full-load current at rated voltage) at 
the wind speed of 6 m/s. In order to study the system performance due to a change in 
consumer load with lagging power factor, the load impedances is increased up to 
1.63 pu (i.e. 67.2% of full-load current at rated voltage) at time t=0.2 s while wind 
speed remains unchanged. The same fixed capacitance of 0.54 pu is connected in 
parallel with the consumer load at all the times. The variations of output voltage, 
output winding current, excitation control voltage and excitation control winding 











Fig.  7.7.1.9. Variation of output voltage with and without the feedback controller 
139 
The changes in output power, excitation control power and mechanical power due to 
the introduced disturbance are shown in Fig. 7.7.1.13 – 7.7.1.15 respectively. 
Variations of mechanical torque are illustrated on the torque-speed characteristic 
curve of wind turbine as in Fig. 7.7.1.16. 
Due to the change in load with lagging power factor, each system variable follows 
the same behaviour discussed in the previous analysis. However, both the system 
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variables and the changes are different in magnitude compared to those due to the 























Fig.  7.7.1.11. Variation of excitation control voltage with and without the feedback 
controller141 
 
























With Control Without Control
 




























































Fig.  7.7.1.13. Variation of output power with and without the feedback controller 
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Fig.  7.7.1.15. Variation of mechanical power with and without the feedback 
controller145 
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Fig.  7.7.1.16. Torque-speed characteristics of wind turbine at wind speed of 6 
m/s146 
 
7.7.2. Changes in Fixed Capacitance 
Similar to the previous test, the performance of a controlled system is studied for a 
change in fixed capacitance at time t=0.2 s. First, the generator is operating under a 
normal operating condition with a consumer load of 0.92 pu (i.e. full-load current at 
rated voltage) at a wind speed of 6 m/s. Fixed capacitance of 0.54 pu is connected in 
parallel with the consumer load. In order to apply the disturbance, this capacitance is 
increased to 0.90 pu at time t=0.2 s.  Consumer load and wind speed is kept constant 
at all the time.  
Just after the disturbance, the output voltage increases up to 1.034 pu in both 
regulated and unregulated systems. However, after a transient period of 0.06 s, the 
regulated system reaches the original value and becomes stable at the rated voltage as 
shown by solid line in Fig. 7.7.2.1.  In uncontrolled system, output voltage becomes 
stable at the maximum value reached after the disturbance. This is depicted by the 
broken line in the same figure.  
 




















































Fig.  7.7.2.1. Variation of output voltage with and without the feedback controller 
147 
The variations of output current, excitation control voltage and excitation control 
current with and without control system is illustrated in Figs. 7.7.2.2 – 7.7.2.4 
respectively. With the applied disturbance, the current through the fixed capacitance 
increases, producing high current in the output winding of the generator. However, 
after the transient period, the output current in the regulated system decreases to 
achieve the rated voltage at the output. Due to the increased output voltage in the 
unregulated system, output current is also stable at a value higher than that of 
regulated system. When the fixed capacitance is increased, the reactive power in the 
generator system increases. In order to maintain the power balance, reactive power 
supplement of the excitation control winding is required to be decreased. Thus, both 
the voltage and current in excitation control winding decrease with the increasing 
fixed capacitance. In unregulated generator system, excitation control voltage 
remains unchanged since the modulation index of PWM inverter is kept constant at 
all the time. However, excitation control winding decreases to maintain the reactive 
power balance similar to the regulated system. Similar to the previous analysis, the 
variations of regulated system variables are shown by solid lines, whereas variations 
of unregulated system variables are shown by broken lines.  
 



























































Fig.  7.7.2.3. Variation of excitation control voltage with and without the feedback 
controller 149 
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Fig.  7.7.2.4. Variation of excitation control current with and without feedback 
controller 150 
The variations of real power in output winding, excitation control winding and 
mechanical system due to the changing fixed capacitance are depicted in Figs. 
7.7.2.5 – 7.7.2.7 respectively. In the regulated system, the output power of the 
generator remains unchanged. However, due to the increase of output voltage, the 
output power of the unregulated system increases even at a fixed consumer load. 
This power balance is achieved by increasing both the mechanical power supplied by 
the prime mover and the deficit power supplied by the ESS.   In the regulated system, 
mechanical power slightly decreases. In order to balance the resistive losses due to 
the high current in output winding, real power supplied by the ESS increases with the 
increasing fixed capacitance. In general, real power consumption of the regulated 
system is less than that of the unregulated system.  
The effects of variations in mechanical torque on the torque-speed characteristics 
curve of a wind turbine are depicted in Fig. 7.7.2.8. In the regulated system, since the 
mechanical power decreases, mechanical torque is decreased by increasing the speed 
of the prime mover as shown by the solid arrow in Fig. 7.7.2.8. In the unregulated 
generator system, in order to increase the input mechanical power, mechanical torque 
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increases by decreasing the speed of the prime mover as shown by the broken arrow 



























Fig.  7.7.2.6. Variation of excitation control power with and without the feedback 
controller 152 
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Fig.  7.7.2.7. Variation of mechanical power with and without the feedback controller 
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Fig.  7.7.2.8. Torque-speed characteristics of wind turbine at wind speed of 6 m/s154 
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For the convenience of the comparison, the numerical values of system variables 
with and without the control system are given in Table 7.7.2.1.  
Table 7.7.2.1                                                                                                                                                                                                   

















0.96 0.64 1.36 0.78 1.031 
Unregulated 
System 
1.02 0.7 1.44 0.99 1.028 
 
7.7.3. Changes in Wind Speed 
This test is conducted to examine the performance of the controlled system when 
there is a change in the wind speed. At the beginning, the generator is operating 
under a normal operating condition with a consumer load of 0.92 pu (i.e. full-load 
current at rated voltage) connected in parallel with a fixed capacitance of 0.54 pu at 
the wind speed of 6 m/s. In order to study the system performance when there is a 
change in the renewable source, the wind speed was increased up to 7 m/s at time 
t=0.2 s while all other operating parameters remain unchanged.  
When this change is applied to both controlled and uncontrolled systems, there are 
variations of output voltages as illustrated in Fig. 7.7.3.1.  The output voltage of 
controlled and uncontrolled systems increases with the increasing wind speed up to 
1.025 pu and 1.04 respectively. However, in a regulated system, this voltage 
becomes stable at the rated value after experiencing a transient period as shown by 
the solid line in Fig. 7.7.3.1. When the same change is applied to the uncontrolled 
system, the output voltage becomes stable at the value 1.033 pu. This is illustrated by 
the broken line in the same figure. With the increasing wind speed, input mechanical 
power increases. Since the consumer load demand remains unchanged, the additional 
power supplied by the prime mover increases the voltage at the output of the 
unregulated generator system.  
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Figs. 7.7.3.2 – 7.7.3.4 show the variations of output current, excitation control 
























Fig.  7.7.3.2. Variation of output current with and without the feedback controller 
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Fig.  7.7.3.4. Variation of excitation control current with and without the feedback 
controller158 
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The variations of regulated system variables are shown by solid lines, whereas the 
variations of unregulated system variables are shown by broken lines as given in the 
legend in each figure. Due to the voltage increase, output current of unregulated 
system increases with the increasing wind speed. In the regulated system, this current 
is almost the same as that before the disturbance is applied. In the excitation control 
winding related variables, voltage decreases and current increases with the applied 
disturbance to maintain the constant voltage at the output in the regulated generator 
system. In the unregulated system, the excitation control winding voltage remains the 
same before and after the disturbance. The excitation control winding current in the 
same system slightly decreases with the increasing wind speed as shown in Fig. 
7.7.3.4.  
In order to further understand the variations in system variables due to the increasing 
wind speed, active power in output winding, excitation control winding and 
mechanical system are depicted in Fig. 7.7.3.5 – 7.7.3.7 respectively. Increasing 
wind speed increases the input mechanical power of the generator system. Therefore, 
the additional power supplied by the prime mover increases the output power and 












Fig.  7.7.3.5. Variation of output power with and without the feedback controller 159 
 























































Fig.  7.7.3.7. Variation of mechanical power with and without the feedback controller 
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Fig.  7.7.3.8. Torque-speed characteristics of wind turbine at wind speed of 6 m/s and 
7 m/s 162  
 
However, in the regulated system, output power remains constant as the load demand 
is unchanged. Thus, the additional power is absorbed by the excitation control 
winding as shown in Fig. 7.7.3.5.  
The variation of mechanical torque due to the applied disturbance is depicted on the 
torque-speed characteristics curve of wind turbine in Fig. 7.7.3.8. Since the 
mechanical power increases with the increasing wind speed, mechanical torque also 
increases in both regulated and unregulated systems. The variation of mechanical 
torque in a regulated system is illustrated using the solid arrow in Fig. 7.7.3.8 and the 
same variation in an unregulated system is shown by a broken arrow in the same 
figure.  
The numerical values of system variables with and without the control system are 




Table 7.7.3.1                                                                                                                                                                                                   

















0.96 0.63 1.17 1.11 1.053 
Unregulated 
System 
1.03 0.70 1.25 1.02 1.046 
 
7.7.4. Changes due to Short Circuit Condition 
The performance of the designed control system at a short circuit condition is studied 
in this section. First, the generator is operating under a normal operating condition 
with a lagging power factor load of 1.15 pu (i.e. 44.8 % of full-load current at rated 
voltage) at a wind speed of 6 m/s. Fixed capacitance of 0.54 pu is connected in 
parallel with the consumer load. In order to apply the short circuit condition, at 0.1 s, 
the fixed capacitance connected at the output winding is short circuited. Within the 
period of testing, the consumer load and the wind speed are kept constant. Just after 
the disturbance, the currents in both the windings increase significantly whereas 
output voltage decreases up to zero. However, due to the equivalent series resistance 
of the capacitor and the internal resistance of the short circuited winding, the output 
voltage in uncontrolled system will not remain at zero for a long time. It gradually 
increases and after 0.5 s becomes steady at 0.17 pu. The output voltage in the 
controlled system continues at zero. The output winding current in controlled system 
also becomes steady at 0 pu while, after the heavy transients, output winding current 
in uncontrolled system reaches to steady condition at 2.69 pu which is 6 times the 
original current. Output voltage and current are illustrated in Fig. 7.7.4.1 and 7.7.4.2 
respectively. 
In both the systems, the excitation control winding currents behave similar to the 
corresponding output winding currents in different magnitude. In uncontrolled 
system, after the short circuit fault, the steady state value of the excitation control 
winding current is 2.8 times the its original value. In uncontrolled system, the 
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excitation control winding voltage remains unchanged whereas in controlled system, 





















Fig.  7.7.4.2. Variation of output current with and without the feedback controller 
164 
 








































































 Fig.  7.7.4.3. Variation of excitation control winding voltage with and without the 










Fig.  7.7.4.4. Variation of excitation control winding current with and without the 
feedback controller 166 
 






































































































Fig.  7.7.4.6. Variation of mechanical power with and without the feedback controller 
168 
 







































































 Fig.  7.7.4.7. Variation of rotor speed with and without the feedback controller 169 
The changes in excitation control winding voltage and current are shown in Fig. 
7.7.4.3 and 7.7.4.4 respectively. Due to the short circuit condition, since the load at 
the output winding reduces significantly, the output power becomes almost zero in 
both controlled and uncontrolled systems. However, in uncontrolled system, as the 
losses in the generator increases with the increasing currents in both the windings, 
the mechanical power is still needed to supply for the power balance in the system. 
Mechanical power of -0.96 pu and -0.89 pu are supplied by the prime mover before 
and after the disturbance respectively. The variations in output power and 
mechanical power due to the short circuit fault are depicted in Fig. 7.7.4.5 and 
7.7.4.6 respectively. Figure 7.7.4.7 shows the changes in rotor speed due to the short 
circuit condition occurs at 0.1 s. Just after the disturbance, the rotor speed reduces to 
0.2 pu and remains at the same value in controlled system while it increases up to 
1.14 pu in uncontrolled system.     
In order to evaluate the overall performance of the single-phase generator, the 
efficiency was calculated for different output power levels when employing a fixed 
capacitance of 30 µF.  The power-efficiency curves are illustrated in Fig. 7.7.1. At 
the highest output power of 1400 W, the maximum efficiency is obtained as 75% of 
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the total electrical power of 2000 W.  The maximum efficiency of the single-phase 













Fig.  7.7.1. Efficiency of single-phase induction generator170 
7.8 Chapter Conclusions 
The designing of energy generation system including battery energy storage system, 
bi-directional dc-ac inverter and selecting of wind turbine characteristics suitable for 
small scale electricity generation plant is described in the first part of this chapter. 
Then the control system which is capable of maintaining a constant voltage and 
frequency at the output was designed using the mathematical model developed in the 
synchronous reference frame. The simulation results of the performance of entire 
system were presented in the later part of the chapter. With the Change of one system 
variable at a time, the designed control system is capable of supplying a constant 
output to the consumer. Also the performance of control system at a short circuit 
condition is presented in this chapter. 
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CHAPTER 8- CONCLUSIONS 
8.1. Summary 
In this thesis, mathematical modelling and closed-loop control of the output voltage 
and frequency of a single-phase induction generator based on a three-phase cage 
rotor machine suitable for renewable energy generation schemes such as wind or 
hydro power plants, have been presented. Since these techniques are not reported in 
the literature, the new methods developed to achieve the expected outcome of this 
thesis are summarized below. 
In Chapter 3, in order to study the dynamic behavior of the novel single-phase 
induction generator, a comprehensive dynamic model was developed in the 
stationary ‘αβ’ reference frame to take into account the core loss resistance and the 
non-linearity of the magnetizing reactance in the saturated region. The model of 
consumer load and fixed capacitance of the generator system was developed for the 
first time in the literature. Furthermore, the equivalent circuit of the comprehensive 
dynamic model in α-axis and β-axis comprising of the generator, prime mover, 
excitation capacitors and the consumer loads has been given in this chapter. 
The steady-state model in stationary ‘αβ’ reference frame was developed using the 
harmonic balance technique. This model and the resulting steady-state equivalent 
circuit in α–axis and β-axis were presented in the latter part of the Chapter 3. 
In Chapter 4, in order to study the system performance in steady-state, using the 
derived steady-state equations, a computational technique was developed to calculate 
the values of system variables in steady-state for a given set of operating parameters 
in two different scenarios. First, the rotor speed is considered as known constant and 
secondly it is considered as a load-dependent variable. This technique is important to 
calculate the steady-state results of the novel single-phase generator. 
In addition, a technique for calculating the operating parameters for a given set of 
system variables was developed in Chapter 4. Knowledge of the operational range of 
the operating parameters is important not only for the steady-state analysis, but also 
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for the safe operation of a practical renewable energy generation scheme.  
Using the equations developed in Chapter 3, a comprehensive analysis of the 
dynamic behavior of the single-phase induction generator was performed in Chapter 
5. Since the consumer load, fixed capacitance and speed of the prime mover are the 
operating parameters, the effects of changing one of these parameters on the system 
variables were studied by means of separate tests performed using Matlab software. 
The accuracy of the developed dynamic model was verified experimentally by 
comparing the simulation results with the corresponding experimental results 
obtained using a small three-phase induction machine employed in the laboratory 
experimental set-up. Furthermore, the voltage build-up process is studied analyzing 
the transient period of output winding voltage and current as it is important for the 
off-grid operation of the generator system. In order to validate the model under short 
circuit condition, the transients of the system variables were observed using the 
Matlab simulation results.     
In the first part of Chapter 6, in order to achieve the voltage and current balance in 
the two-phase system, the operational ranges of the operating parameters were 
obtained from both simulations and experiments. Secondly, a comprehensive steady-
state analysis of the uncontrolled generator was performed using the developed 
computational techniques. Considering the output voltage and the frequency are at 
desired rated values, the system variables were calculated for the change of each 
operating parameter while other operating parameters remain unchanged. Simulated 
results were experimentally verified to prove the accuracy of the developed 
techniques. The effect of changing the lagging power factor load on the system 
variables is also studied using Matlab simulations and presented in this chapter.   
In both dynamic and steady-state analyses, the magnetizing inductance of the 
generator is considered as a non-linear variable. Linear and non-linear regions of the 
measured magnetizing characteristics of the machine were approximated by separate 
curves and the non-linearity of magnetizing inductance in a saturated region was 
taken into account. 
Using the knowledge of steady-state behaviour of the single-phase induction 
generator, a control system is proposed to regulate the voltage and the frequency at 
the output winding. According to the proposed system, the generator is operated 
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using a variable speed prime mover. The regulation of voltage and frequency is 
achieved controlling the voltage and the frequency of the excitation control winding. 
Thus, a closed-loop control system was proposed to regulate the voltage and the 
frequency at the output of the generator. The computational procedure of designing 
the closed-loop control system is described in Chapter 7 of this thesis.    
In the first part of Chapter 7, the computational procedure and the sizing of the 
energy storage system (ESS) were described.  Since the battery energy storage 
system (BESS) connected at the terminals of the excitation control winding should 
be capable of supplying a constant voltage and constant frequency at the output of 
the generator regardless of the fluctuations in renewable energy source, it was 
designed to supply the load demand for a continuous three days in a situation where 
the availability of renewable energy source is extremely low.  
Secondly, the bi-directional inverter was designed to transfer both real and reactive 
power through the excitation control winding. Among the available types of the bi-
directional inverters, the standard full-bridge PWM single-phase DC-AC inverter 
connected to a step-up voltage transformer at the ac side was selected due to its 
simplicity and low cost. The components of the bi-directional inverter were selected 
based on the ratings of the BESS and the excitation control winding.  
Considering this single-phase induction generator is going to be employed in a wind 
energy generation scheme, the wind turbine was selected to supply the rated power 
of the generator throughout the year. The power coefficient of the wind turbine was 
approximated using a fifth order polynomial of the Tip-Speed-Ratio. After using an 
appropriate gear ratio, the torque-speed and the power-speed characteristics curves of 
the prime mover were presented in the latter part of Chapter 7.  
The ultimate objective of this research was to develop the closed-loop control system 
to regulate the voltage and the frequency at the consumer point. In order to design 
the control system, the dynamic model of a single-phase induction generator was 
developed in a synchronous reference frame. The equivalent circuit of the generator 
in a synchronous reference frame was presented in Chapter 7.  
In order to develop the closed-loop transfer function of the generator system, first, 
the open-loop transfer function was developed using the derived dynamic equations 
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in a synchronous reference frame. In order to regulate the output voltage at the 
desired value, the modulation index of the bi-directional inverter was adjusted using 
a PI controller. The proportional and integral gains of the PI controller were 
calculated using the Ziegler–Nichols method. The stability of the proposed control 
system was verified by means of the Routh-array of the closed-loop transfer function. 
The frequency of the output voltage is controlled by the frequency of the switching 
signal of the PWM generator. 
In addition, battery charging and discharging must be controlled to ensure the safety 
of the energy generation system and lifespan of the ESS. During the discharging, 
when the battery reached the maximum depth of discharge, the whole ESS was 
isolated from the generator system. On the other hand, during the charging, when the 
battery was fully charged, the additional power was dissipated through a variable 
resistor.   
The proposed control system was simulated in Matlab Simulink using “user defined 
function” blocks. The wind turbine was assumed to be operated on the after peak of 
the torque-speed characteristics curve. In the simulations, this region was 
approximated by a straight line with a negative slope. The performance of the 
proposed system was extensively tested for any sudden variation in consumer load, 
fixed capacitance, wind speed and short circuit conditions. The predicted results can 
be achieved by the excellent performance of the proposed control system.    
8.2. Main contributions of the thesis  
The main contributions of this thesis are: 
1. Development of a comprehensive dynamic model in stationary ‘αβ’ reference 
frame taking into account the core loss resistance and non-linearity of the 
magnetizing characteristics in the saturated region and the resulting dynamic 
equivalent circuit for the novel single-phase operation of a three-phase cage rotor 
induction machine. 
2. Development of a steady-state model in stationary ‘αβ’ reference frame and 
steady-state equivalent circuit in α–axis and β–axis. 
3. Development of a computational technique to calculate the values of system 
variables in steady-state for a given set of operating parameters at both known 
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and load-dependent speeds of the prime mover. Furthermore, the development of 
an analytical technique to calculate operating parameters in order to obtain the 
given set of generator system variables. 
4. Determined both the dynamic and the steady-state performances of the novel 
single-phase induction generator driven by an unregulated prime mover. 
5. Sizing of the proposed battery energy storage system and design of the single-
phase bi-directional inverter to transfer both real and reactive power through the 
control winding. 
6. The selection of the prime mover characteristics suitable for a small scale 
renewable energy generation scheme employs this novel single-phase induction 
generator. 
7. Development of a dynamic model of a single-phase induction generator in 
synchronous reference frame, proposal of simple closed-loop control system to 
regulate the charging and discharging of the energy storage system and to 
maintain a constant voltage and frequency at the output of the generator and 
analysis of the performance of the proposed control system. 
8.3. Future research directions 
The work carried out in this thesis has opened several other research areas as listed 
below. 
1. Hardware prototype of the excitation circuit: In order to obtain the 
experimental results presented in this thesis, the ESS and the bi-directional 
inverter was replaced by an auto transformer connected to the excitation control 
winding. Since the sizing of the ESS has been calculated in this thesis, a 
practical system with the same capacity should be selected for experimental 
purposes.  Also, using the values calculated in the designing process, the 
hardware prototype of bi-directional inverter should be built with the appropriate 
size of each component available in the market. Replacing the auto transformer 
by the hardware prototype of ESS and bi-directional inverter, it is suggested that 
a small scale energy generation scheme be built. 
2. Verification of theoretical results for lagging power factor load: Due to the 
limited access to the laboratory equipment, the experimental verifications of 
both dynamic and steady-state analysis of this generator presented in Chapter 5 
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and 6 respectively are limited to the consumer load with a unity power factor. 
Since in a practical system, the average consumer load has a lagging power 
factor close to unity, some of the steady-state results have been obtained for RL 
load using Matlab simulations. It is suggested that both dynamic and steady-state 
analysis of this generator system be undertaken both theoretically and 
experimentally for an RL load.  
3. Analysis of alternative TSCAOI configuration: In the two series-connected 
winding and one isolated winding configuration of the induction machine, 
alternatively, two series-connected winding can be used for excitation control 
purposes while the isolated winding is used as the output winding. Using the 
mathematical equations presented in this thesis, dynamic and steady-state 
models of alternative generator configuration can be developed. Also the 
behaviour of the alternative configuration can be analysed. Furthermore, the 
advantages or the disadvantages of this configuration can be compared with 
those of the generator used in this thesis.    
4. Implement the energy generation system in the real world: It is suggested 
that the proposed control system to be implemented in the real environment with 
small-scale wind or hydro turbine.  Output of the practical energy generation 
system can be controlled through the bi-directional inverter connected to the 
excitation control winding. Finally, this energy conversion system can be 
implemented in both remote and urban areas in order to provide reliable 
electricity supply at a low unit cost in economical friendly manner. 
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DYNAMIC MODEL OF THE GENERATOR 
Using (3.1.19), excitation control winding voltage and output winding voltage of single-phase induction generator can be written as  
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Substituting for the rotor currents in (A.1) from (3.1.18), stator voltages can be re-written as 
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   (A.2) 
The derivative part of the rotor current in (A.2) can be written as 
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Using (A.2) and (A.3), stator voltages in excitation control winding and output winding can be derived as 
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Substituting for the rotor voltages and currents from the inverse of Park transformation in (3.1.18), rotor voltages in stationary ‘abc’ reference 
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Stator and rotor voltages in (A.4) and (A.7) can be combined to form one matrix as 
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Substituting for    
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    in (A.9) and after matrix manipulations, state space model can be re-written 
as in (A.10). 
Substituting            
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The instantaneous electromagnetic torque of an electrical machine can be defined in 
terms of vector quantities as  






         
      (A.12) 
State vector of linked fluxes    can be defined as the sum of the state vectors of leakage 
fluxes    and magnetizing fluxes    of the machine. 
            (A.13) 
Considering the stator phase ‘a’ of a three-phase electrical machine is as the real axis, 
the state vector of linked fluxes can be given  
   
 
 
          
 
 
   
  
 
            
 
 
   
  
 
         
 
 
          
 
 
   
  
 







            (A.14) 
When the effect of core loss resistance is taken into account, instantaneous current 
through the leakage inductance differs than that through the magnetizing inductance. 
The state vector of the current related to the leakage fluxes can be defined as  
     
 
 
         
 
 
   
  
 
          
 
 
   
  
 
         (A.15) 
Similarly, the state vector of the current related to the magnetizing fluxes can be 
given as  
235 
 
    
 
 
         
 
 
   
  
 
          
 
 
   
  
 
        
 
 
         
 
 
   
  
 
          
 
 
   
  
 
          (A.16) 
In terms of real and imaginary components, the electromagnetic torque in (A.12) can 
be re-written as 






                 






                  (A.17) 
Considering core loss resistance, the electromagnetic torque can be given as 






                                             (A.18) 
Using (A.15) and (A.16), real and imaginary components of leakage and mutual 
current vectors of single-phase induction generator can be given as 
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          (A.22) 
Using (3.1.4) and Park transformation, linked fluxes in three phases of the stator can 
be written as a sum of leakage fluxes and mutual fluxes as given in (A.23).  
 
   
   
   
      
  
  
   
  
   
   
   




   
 
 




    
 
 
   
   
   
   
   
   
 
   
    
   
   
    (A.23) 
Using (A.14) and (A.23), real and imaginary components of linked flux vectors of 
single-phase induction generator can be given as 
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        (A.27) 
Substituting from (A.19)-(A.22) and (A.24) - (A.27) in (A.18), instantaneous 
electromagnetic torque of the single-phase induction generator can be given as 
    
 
 
               
      
 
 
           









DETAILS OF THE EXPERIMENTAL INDUCTION MACHINE 
Name-plate data of the three-phase induction machine used for the experiments of 
this thesis is given in Table B.1. 
Table B.1                                                                                                                                                                                                   
Name plate data of induction machine28 
Winding Configuration Star 
Rated Voltage 415 V (line-to-line, rms) 
Rated Current 6.4 A (phase) 
Rated Frequency 50 Hz 
Rated Speed 1420 rpm 
Rated Power Factor 0.82 
Rated Power 3 kW 
Number of Poles 4 
 
Induction machine parameters measured using dc test, blocked rotor test and 
synchronous test are given in Table B.2. 
Table B.2                                                                                                                                                                                                   
Measured parameters of the three-phase induction machine29 
Parameter Value 
Stator resistance      2.85 Ω 
Rotor resistance      2.1 Ω 
Core loss resistance      980.0281 Ω 
Stator leakage inductance       0.0077 H 
Rotor leakage inductance       0.0077 H 
Inertia     0.03 kg.m2 
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A measured magnetizing characteristic of the three-phase induction machine is 
approximated by three equations. First linear region is approximated by 
                            (B.1) 
Second linear region is approximated by 
                                  (B.2) 
And the non linear region is approximated by 
                
  
 
                                   (B.3) 
where constants                   and   are determined by fitting the curve to the 
measured characteristic curve. Figure B.1 shows the measured and approximated 
magnetizing characteristics of the three-phase induction machine. The approximated 
magnetizing characteristics are corresponding to the constant given below.  













Fig. B.1. Measured and approximated magnetizing characteristics of the three-phase 
induction machine171 
 





























The calculated parameters of the α-axis and the β-axis of the single phase induction 
machine are given in Table B.3. 
Table B.3                                                                                                                                                                                                   
Calculated parameters of the single-phase induction machine30 
Parameter α-axis β-axis 
Stator resistance     2.85 Ω     5.7 Ω 
Rotor resistance  
 
 
    1.4 Ω      4.2 Ω 
Core loss resistance      980.0281 Ω      1960.0562 Ω 
Stator leakage inductance       0.0077 Ω       0.0154 Ω 
Rotor leakage inductance  
 
 
     0.0051 Ω       0.0154 Ω 
 
Magnetizing inductance in α–axis    and β-axis     are equal to     and      
respectively. The magnetizing characteristic curves of α–axis and β-axis can be 
obtained using the measured magnetizing characteristics of the three-phase induction 
machine. These are shown by the solid curves in Fig. B.2. Using the same equations 
in (B.1) – (B.3), magnetizing characteristics of α–axis and β-axis are approximated 
with the following substitutions. 
The magnetizing characteristics of α-axis is obtained by substituting for    
   
 
                                                     
       and          
Similarly the magnetizing characteristics of β-axis can be obtained by substituting for 
   
   
 
                                                    
       and          


















Fig. B.2. Calculated and approximated magnetizing characteristics of the single-








































TORQUE-SPEED CHARACTERISITICS OF THE WIND TURINE 
Parameters of (4.2.58) related to the wind turbine used for the Matlab simulations are 
given below. 
 
if 0 <= Vw && Vw < 5 
    T1=0; 
    T2=0; 
    Om1=168; 
    Om2=158; 
    T0=0; 
     
elseif 5 <= Vw && Vw < 6  
    T1=-1.1826; 
    T2=-2.1251; 
    Om1=168; 
    Om2=158; 
    T0=-2.211; 
     
elseif 6 <= Vw && Vw < 7 
    T1=-5.371; 
    T2=-6.313; 
    Om1=168; 
    Om2=158; 
    T0=-6.394; 
     
elseif 7 <= Vw && Vw < 8 
    T1=-10.1197; 
    T2=-10.8716; 
    Om1=168; 
    Om2=158; 
    T0=-10.9333; 
     
elseif 8 <= Vw && Vw < 9 
    T1=-15.0499; 
    T2=-15.5411; 
    Om1=168; 
    Om2=158; 
    T0=-15.578; 
     
elseif 9 <= Vw && Vw < 10 
    T1=-20.0375; 
    T2=-20.2444; 
    Om1=168; 
    Om2=158; 
    T0=-20.2549; 
     
elseif 10 <= Vw && Vw < 10.6 
    T1=-25.0346; 
    T2=-24.9658; 
    Om1=164; 
    Om2=158; 
    T0=-24.9498; 




    T1=-28.2007; 
    T2=-28.0464; 
    Om1=163; 
    Om2=158; 
    T0=-28.0135; 
     
end 
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OPEN-LOOP TRANSFER FUNCTION 
 
Open-loop transfer function of the single-phase induction generator is defined as 
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The constants of the open-loop transfer function are given below. 
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PER UNIT VALUES 
 
Due to easier comparison of regulated and unregulated behaviour of the generator 
system, the results in Chapter 7 are presented by per unit values. The rated values of 
voltage, power and frequency are selected as the base values of the corresponding 
system variables. Since the rated voltage is 415 V, (415/√3) V is selected as the base 
value of the voltage. Base values of other system variables are derived using the 
relationships of the selected base values.      
 
 Selected base values:  
Voltage             
Power           
Frequency         𝑠 
Electrical speed                      𝑠 
 
Derived base values: 
Resistance       
            
Current                  
Inductance                      
Capacitance                    
      
Time                𝑠 
Flux                     
Mechanical Speed                     𝑠    
; where    is the number of pole pairs 
Torque                    
249 
 
Inertia          
   































































Fig. H.3. Fixed capacitor, resistive load and variable speed drive176 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
